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1 CHAPTER1

1.1 INTRODUCTION

Within thebackgroundf geotechnical engineeringnlargingattention is being dedicated to the
ever increasingranch of the ground improvement, which often offers attra@mne innovative
solutions with respect to a wide rangf engineering problems. In fact, such an approach is frequently
adopted to face geotechnical issues, instead of imgpiyore expansivand usuainterventions. On
the other hand, although ground improvement techniquegaanéng a relevant rolen the civil
engineering landscape, suild still suffersa certain degree of uncertaingspeciallyat thedesign
phases This depends both on tlmplexity of soil behaviourthat makes some of the ground
improvement solutions difficult to modednd to the commercial pressure of industry, fheghing
on new solutions makes it often difficult to settle experiences and modelling results into a robust
design frameworkThus, efforts to build upa solid and reliable backgrounglay akey role to
improveknowledgeon new andnnovativegroundimprovemensolutions The goal of this Thesis is

to contribute tasuch an effort

It is widely known thatground improvemergolutionsare suitabléo face both static and dynamics
issueganging for examplefrom retaining structures to seismic isolation of foundatidwdually, a
leading issuewvhich absorbsmore and more research efforts is represented bynthgation of
liquefactioneffects on which increasing focusas being demonstrated in the last few years. This is
mainly due to theheavy impact of potentially catastrophéwentsdriven by liquefaction as
demonstrated by sever@tcumstances all over the worliigata (Japan, 196Marina District, San
Francisco (U.S.A. 1989Kobe (Japan1995, Kocaeli (Turkey,1999, Christchurch (New Zealand,
2011) Emilia Romagna (ltaly, 2012) are only few exampdésiquefaction phenomena occurred,

leading to heavgamages in terms d@btheconomical and human loss.

Thus, since liquefactiotniggering can caussevee damageseliablesolutions are needed to solve
or, at least, minimizats impact on the built environmenrtherefore ew, innovative, lowcost
environmentally friendlyand dficient methodologies to improvghearstrength and stiffness loose
sands during seismic shaking are need&chong the copious techniques suitable remluce
liquefaction risk,more or less innovative, academic researcmase and morefocusing on the
implementation of a desaturation technigirathasproven to be veryeffectiveto this aim (Mele et
al. 2018 Mele and Flora 2019)As it will be shown in the following sectionssuch technique

represergan attractive solution sincehtghly increass liquefaction resistance.



The present work aims to the development leibainduced Partial Saturatidbio IPS)technique
able togenerate gas bubbles within the pores of theaswi|at the same time, tihe development of
a reliable monitoring techniqueStarting from the identification and isolation of specific
microorganisms able to generate gabbles, the workimsfirst at evaluaing the capability of the
selected microorganismsto nucleate bubbse Then the environmental compatibility of the
met abol i smds pr ohyperfarmsing ipreliminany\cleesital apdaltiomgical tests
order toverify theapplicability of the technique

Successively, with thera to quantify the amount of generated gas, desaturation tests are carried
out for differentexperimental conditionsnonitoring at the same time environmental parameters of
interestas well. Once the nucleation process has heielely explored and theervironmental
compatibility has been ensuredhe experimental setup has befimally focused on possible
monitoring techniquesable tocontrol and verify thedegrees of saturation achieved with the IPS
technology.Basically, two possible monitoringarameters have been investigateel, electrical
resistivity andP-waves velocityTher sensitivity to the degree of saturation of a soil wilkbalysed
in detailas it follows showing thasuch parameteie wellsuitedto quantify the desaturation level
achieved with the bidPS techniquand, on the other hand, thatl@licateinterpretation of the data
must to be taken into accoutitwill be highlighted that a combination of the two technologies is
likely the best possible monitoring solution.

1.2GENERAL REMARKS AND CASE HISTORY
In this section, a qualitative framework about soil liquefaction is reported: general remarks about

the liquefaction risk are underlined and some €htory are show.

Liguefaction represents a rapid loss or decrease of shear strength and stiffness of granular soils, as
a consequence of a dynamic event, due to the release of elastic energy that propagates through the
subsoil. Soils subjected to this type of failure mai$ras are usually granular materials under fully
saturated conditions. When an earthquake scomdrained conditions can be achieved, because of
either the rapidity of the seismic event or the presence of impervious boundary conditions, and the
soil exhbits pore pressures build up which can decrease effective stresses, until the granular material
decreases or loses completely its shear strength. In such conditions, soil behaves temporarily as a
viscous fluid, losing any bearing capacity. This can resulbheavy damages to structures and
infrastructures, which can also present nothing but damages under a geotechnical point of view, while
no significant structural damages are presented, as reporfegguire 1-1, (rocking example due to

liquefaction triggering).



Figure 1-1 Example of roking caused by liquefaction

In 1964 in Niigata, Japan,v@olent earthquake of magnitudes™ 7.6, with hypocentre of about 40

km depth, struck the town: more than 3000 houses were destroyed and over 11,000 damaged.
Liguefaction affected large areas, with devastating eff@atpire 1-2). Settlements up to 150 cm

were registered, because of the stiffness loss and redistribution hydraulic boundary conditions as well
(Ishihara and Koga 1981)

Figure 1-2 Niigata, Japan 1964

Againin Japan, the Kobe earthquake, 19959818, led to catastrophic damages in terms of human
(6000 victims) and economic lo§Soga 1998)After the seismic event, several studies were carried
out in order tounravel thephenomenand model, as clear as possible, the mechanical behaviour
leading to liquefaction collapséBigure1-3).

Figure 1-3 Kobe, Japan 1995



Another seismic everihatled to soil liquefaction occurred in Turkey, Kocaeli in thed@igure
1-4). Several studies were developed to quantify the plastic settlements caused |&ertie
spreading(Cetin et al. 2004)a liquefaction consequence due to the loss of confinement stresses

thanks to which liquefaction collapse can be induced also idiguoefiable soils.

Figure 1-4 Kocaeli, Turkey 1999

A more recent earthquake, occurred in the 28001, was the Christchurch seismic events that
caused several damages because of the very superficial hypocentre of abobigutat:5 shows
the postseismic effect of liquefaction, in which the soil recovered strength and stiffness after the
transient phase of viscous flui@entral business district and eastern suburbs were totally destroyed
by liquefaction. Almost one thousand commercial buildings were unable to be used and were later
demolishedTaylor et al. 2012)

Figure 1-5 Christchurch, New Zeland 2042011



Moreover, in May 2012, liquefaction evidences have been recorded during the Italian earthquake
in Emilia Romagna in which, for the first time in Italy, liquefaction phenomena have been clearly
detected during a dynam&vent. Even in this case, several damages occurred to structures and
infrastructures, and changes in the hydrological regime have been recorded aveveffects of
liquefaction, followed by the 2012 earthquake in Northern Italy, have been immortaiidedported
in several research work#lessio et al. 2013; Lai et al. 2015; Lombardi and Bhattacharya 2014;
Sciarra et al. 2012; Vannucchi et al. 2012)

Thus, as the brief case higagabove underline, liquefaction represents a potential-inigact
phenomeannthat needs to be studidabroughly in order to evaluate the main triggering factors first,
and define technical solutions and methodms@ble to reduce the risk related tackuype of

collapse.

As it will be showed in details in the next sections, liquefaction triggering is strictly correlated to
several factors such as saturation, relative density and others, which substantially affects the
susceptibility, and consequentlyet risk, of granular materials subjected to a dynamic event to be
potentially liquefied. In fact, the recognition of the causes that lead to the liquefaction of soils
represents the basis of the identification and development of improvement technique,oacti

different factors that affect the mechanical behaviour of the soil itself.

1.3 AN INTRODUCTION TO LIQUEFACTION

Liguefaction concerns loose, saturated cohesionless deposits, and represents a phenomenon in
which the soil undergoes a phase transfomnathanging its behaviour from solid to ligishihara
1993) Different definitions oLiquefactionhave been given by several authors during the years and
a growningattention has been dedicated towards that type of collapse. One o$thuefinition of
liquefaction was probably given by Terzaghi & Pack in the 198t coined the expression
fis pont aneoustoindicgtaitkefrapid cthangeroftstate from a frictiesistance material to
a viscous fluidKramer and Seed (1988gfined liquefaction failure as mechanismttteads to the
development of instabilities in large masses of soil. Adagulos et al. (1988)efinal liquefaction
as decrease of the shear regise of a mass of soil, during a monotonic, cyclic or dynamic loading,

with no variations in volume.

Because of the contractive behaviour of loose granular maigrsisive pore pressures develop
under undrained shearing. Since seismic shaking causes conditions that are only partially drained or
fully undrained even in coarse soils, such pore pressure increments induce a corresponding reduction
of the effective streses, eventually leading to a (transient) condition of nihil shear strength and

stiffness.



Figure 1-6 Qualitative stress path at constant volume during a seismic event

T . D Qe T Equationl-1

Recently Lirer and Mele(2019)have demonstrated that at a deeper insight it can be shown that
the phase transition from solid tquiid can be best investigated by looking at the equivalent viscosity
of the soil. In particular, they have shown that a sharp drop of such a viscosity is the clearest possible
marker of the phase transformation, and that it takes place before the effresges reach zero. As
a consequence, in engineering terms it is of the utmost importance to highlight that not only the zero
effective stresses conditionsvegto be avoided, but that values of pore pressure increments well

below the critical values havo be granted for the sake of safety.

Indeed,it is conceptually important to underline that the liquefaction can lead to different types of
collapse: a first one, not due to any shear failure mechanism, sinstebgpath during the pore
pressure iarease does not reach the critical state line, rather the effective stresses point to the axis
originin a U ; a) or a (q; po6) pl ane. On the o0t1ther
pressuresodo rise, | e adi n gs, carpactisate daducermechanisnmgvhichn e
are prior to the complete fluidification of the soil, such as bearing capacity failure.



Focusing on the former mechaniskigure 1-6 shows conceptually the stress path leading to
liquefaction in a plane with constant void ratio (no volume changes). It is quite clear that the path
does not intersect th@ritical State Linewhich lies in a 3D space actually. Thus, the liquefaction
failure mechanism can be strictly correlated to the loss of the intergranular contacts caused by the

pore pressure build up.

Obviously, the entire mechanisms involved in the process and the féwddrsfluence the
susceptibility of the soil are quitwide andcomplex, and an exhaustive characterization will be

provided in the next section.

Liguefaction of granular materials, under fully saturated and loose state conditions, can occur in
both statt and cyclic loading pafwhen the drained behaviour is not permitfg&damer and Seed
1988) Even though monotonic loading can cause the transient fluidification of the soil, main efforts
have been dedicated to the understanding of the triggering factors related to the dynamics path

developed during a seismic event.

Regardless of the ss path condition, it is well known that loose granular materials show a
contractive behaviour under cyclic or static loading. When the drainage is not permitted and the soil
is fully saturated, pore pressurte contiact ad theb e c a
effective stressetherefore decreasén this condition, liquefaction phenomena potentially activated
can be subdivided into two grougkaw liquefactionandcyclic mobility(Kramer 1996) The former
is less frequent in field collapses, but causes much higher damages while, on the other haed, the latt

occurs more frequently but its consequences are usually less dangerous.

The main difference between the two type of collapses regards the shear stress required to

guarantee the equilibrium:

1 In case offlow liquefaction the shear stresses acting areatgethan the shear strength
required. This results in large deformations of the soil caused essentially by static shear
stresses: cyclic loading leads the soil in an unstable condition, allowing the static stresses
to produce flow liquefaction. Generallihis type of collapse leado rapid and sudden
deformations.

1 In case ofcyclic mobility the shear stresses induced by the seismic event are lower than
the shear strength of the liquefied soil. For this type of phenomena, the decstdbees
is less rapid, and the permanent displacemelat notsuddenly develop, rather the

graduallyincrease during the cyclic loading. Finally, the permanent displacement caused



by the cyclic mobility is due to both static and cyclic shear stresse, ialargely known

aslateral spreading.

In order to evaluate the liquefaction hazard, it is common in the geotechnical practice to evaluate
first if the soil can be susceptible to liquefaction. Once the susceptibility has been assessed, it is
necessarto understand if liquefaction can be triggered and, consequently, which type of damages
can affeceventual uppestructuras. This conceptual scheme leads necessarily to own instruments

in order to evaluate, quantitatively, the liquefaction hazard. T® dahm, a comprehensive
evaluation is needed about three fundamental aspects of liquefaction hazard: susceptibility,

initiation and effect¢gKramer 1996)

1.3.1 LIQUEFACTION SUSCEPTIBILITY

The assessment of liquefaction susceptibility of liquefiable soil is preliminary to develop a reliable
analysis of the seismic hazamhtentially leading to flow liquefaction or cyclic mobility. Several
criteria are available in the literature, some of them also developed fguldsticity silt and clays
(Boulanger et al. 2006) However, remaining in the framewor
rather granular well or poorgded materials) the following main criteria can be repdi@dmer
1996):

9 Historical criteria
1 Geologic criteria
1 Compositional criteria
7 State Criteria

Historical criteria are fundamentally based on pesirthquake site characterization, showing that
the liquefaction susceptibility is markedly higher for sites in which no significant changes, in terms
of soils and groundwater conditions, have been det€¢tadl 1984) Thus, historical seismic events
review can be useful to determine a liquefaction susceptibility map, as descriveaidy1991)
For example Ambraseyg1988) developed a relationship between limiting epicentral distances of
sites at which liquefaction has been observed and moment magnitude for shallow earthquakes, by
conducting an historical worldwide data collection. As it is ¢yestnown inFigurel-7, the higher is
the magnitude of the seismic event, the higher is the epicentral distance needed so that liquefaction
could not beobserved. Other charts are also available in the literature, for different data collection

(Papadopoulos and Lefkopoulos 1993)

On the other handyy its intrinsic nature, historical criteria do not allow to make any type of

consideration on the geology and the seismic response of the site.



Moment magnitude

Epicentral distance (km)

Figure 1-7 Historical criteria correlation (Ambraseys, 1988

Geological criteriaare based on geological consideration regarding the soil deposits and the
groundwater level depth. Since soils in looser state are more susceptible to be liquefied, the
depositional evironment and age of a soil deposit can drive to a preliminary susceptibility analysis.
Indeed, a relatively small range of geological environment includes soil potentially liqué€fiabk
1991b) In addition, more attention has to be focused on alluvial deposits, since the deposition
processes leads to a looser state condition, and horade soil deposits as well, sirfoe the latter
the insitu compaction actionprovided during the deposition itsetfpuld not be sufficient to avoid
the liquefaction susceptibility. Obviously, the groundwater table plays a key role since liquefaction
can occur only in fully saturated deposits. By this point of viewd#epeiis thegroundwatetable
the lower is the liguefaction susceptibility: commonly, liquefaction is triggered when groundwater is

within a few meterérom the ground surface.

By increasing the refinement of the susceptibility assessment, a more reliable cigerion
represented by treompositionabne. In this case, several intrinsic parameters have to be investigated
in order to assess the liquefaction susceptibility of the soil. If it was common thought that only quasi
monogranular soils (particularly clean saphdiere subjected to liquefaction, research activities have
demonstrateéthat even finer soils can be subjected to liquefaction, since the collapse is driven by the
pore pressure build up dworkiChugetad R0O84aMartih ei a. @d04) g .
have underlined the possibility of triggering liquefaction inJphasticity silts and clays, leading to
significant ground failures. The presence ofplasticity fine soil within the pores of a pegraded



sandy material can significantly affect thguefaction potential, by changing the fabric of the sail,

thus its mechanical behaviour. A schematic representation of the particle arrangement has been made
by Karim and Alam(2014)and it is shown ifrigure1-8. It is possible to identify a limit fine content

(LFC) at which the mechanical behaviour, in terms of pore pressure build up, become independent
by the silt content. From) to b), the soil structure is sandominated, wth silt contained in a sand
skeleton, whereas in configuratiojthereis enough fine such that the sand grains loose contact with
each other and the soil structure becomeslsittinated.

SAND GRAIN SAND GRAIN
Inner void SILT GRAIN / \ Equal inner void

] —l-
Increasing
silt content

Silt dominant

. Sand dominant

Figure 1-8 Schematic diagram demonstrating particle arrangement ofisltdnixture with the variation of silt conte(farim
and Alam 2014)

This results in an increase of the liquefaction susceptibility with increase of th@dsticity fine
content up to the LFC, afterhichthe liquefaction resistance tends to remain conskagule1-9).
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Figure 1-9 Experimental correlation between the number of cyclic loading leading to liqguefaction and silt ¢gwatemt and
Alam 2014)

Wang (1979kuggests that if a fingrained soil satigéseach of the following criteria, the material

has to be considered as liquefiable:

I Fraction finer than 0.00Bnm< 15%



T Liquid limit, LL< 35%
M Natural water content> 0.9 LL
T Liquidity index< 0.75

As far as soil gradation is concerned, which affects the liquefaction potential as well, the Italian
Code NTC 2018 establishes a granulometric range, defining the soilnpatly liquefiable, as a
function of the uniformity coefficient, & defined as the ratio betweeg@dand dos (Figure1-10).
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Figure 1-10 Granulometric range for potentially liquefiable soils: a) Uc<3.5 b) Uc>3.5(Italian Code NTC 2018)

Generally, a well graded material shows a higher liquefaction resistance because of the more
efficient interlocking between the grains and a lower tendency to contract in volume, since the smaller

voids are filled with finer grains.

Liguefaction susceptibility is markedly dependent on the particle shape as well. Angular or sub
angular grains lend higher liquefaction resistance, while soils congdultty round particles are

more susceptible, since the contractive behaviour, under applied shear loading, is emphasised.



The criteria discussed above are not sufficienet@mbly assesshe susceptibty of the soil to
liquefaction, rather a state criterion must be adopted to that aim. The mechanical behaviour of a

granular material and, consequently, its volumetric chargestrongly dependent by:

1 Void ratio, e, or equally the relative densitly;

9 Initial stress conditiors 0

The combination of these two state parameters is essential to define the volumetric deformations
that will develop, leading either to contractive or dilative behaviour.flihdamental knowledge
aboutthe granular materiabehaviour was found out lfyasagrande, (193@)y performing drained,

straincontrolled tests on loose and dense sand specimens, under the samefautiad efonfining

stresses. Ifrigurel-11results in both plaingy; &) and(q; e)are reported.

A

w

]
g g
= Dense 5
o [o]
+] S
T &
> -

[v]
3 Loose 8

Axial strain Void ratio

(a) (b)

Figure 1-11 Drained, straincontrolled tests on loose and dense sand (Casagrande, 1936): a)stress; strain b) stress; voic
(Kramer 1996)

The looser sample suddenly exhibits a contractive behaviour, and thesgta@spath shows no
peak strength detection. On the other hand, the denser oib@sitfitially a contraction, to lately
show a dilatative behaviour, resulting in a higher strength iiof&®) plane. Regardless the stress
strain relationship, th&ey outcomewas that, even though the initial void ratio was completely
differentforhe t wo tested specimens, f or |(¢rificaldh wdiradi
ratio, continuing to shear with constant deviatoric stresses. Such voiég,asipfor a given confining

pressure, independent from the initial density of the sample

Thus, if different tests are carried out at different confining pressures, a lagusnfbe obtained,
as shown irFigurel-12. The locus, calle@ritical Void Ratiq separatgthe contractive from dilative
behaviour for a given material. Thus, the mechanical behaviour of granular materials, in term of

volumetric strans, can be preliminary defined by investigating simultaneously the initial void ratio



and effective confining stresses actingsitu: by knowing the state parameters of a granular deposit,

it is possible to distinguish seisusceptible or not to liquefaon phenomena.

A CVR line

Loose (contractive)

Dense
(dilative)

Deviator stress

Figure 1-12 Critical void ratio CVD, defined by Casagran@feramer 1996)

Obviously, if undrained tests are carried out, positive or negative pore pressures will rise,
respectively for loose and dergmecimensThus, the following assumption canrbede(as showed
in Figure1-13):

§ Drained conditions: foragivest®, t he fi nal Jewithstodrsadt i o wi |

f Undrained conditions: foragivenod t he f i nal cepwithlscsdasiod o wi |

A Undrained Loose A Undrained Loose
e - - O € - - - - -
*Drained + Drained
Drained : * Drained *
QO I
Dense Undrained Dense Undrained
0'30 IOg 0'30
(a) (b)

Figure 1-13 Drained and undrained paths leading to the critical void ratio logtrmmer 1996)

Knowingtheinitial state conditions, in terms of void ratio and affective stresses, can be useful to
eval uastate positoe mel at ed t o Iing&ovE€areRconsidereeto be subjected

to flow liquefaction, vice versa soils are not susceptible to liquefaction collapses.



Susceptible

CVR line

Nonsusceptible

log 675,

Figure 1-14 CVR line in the (e5Gc) plane(Kramer 1996)

Thus, if a soil is loose enough to be plaaédvethe locus, it will generate positive gopressure
increments and flow liquefaction will be triggered. If the soil is denser, the tendency to dilate will
generate, in undrained conditions, negative pore pressure increments, and no liquefaction should be

achieved.

Actually, some historical evenitgve shown that denser configuration can lead to soil liquefaction
as well. It is the case of Fort Peck Dam in Montana, where flow liquefaction occurred during the stage
construction, in the 1938Middlebrooks 1942) Postfailure-badk analysis showed that, for that
specific material, the state conditions were such to be plogiesvthe CVR line; nevertheless, flow
liquefaction failure of its upstream slope was observed. A hypothesis was given by Casagrande: the
previous laboratory tests was conducted in stcamrolled conditions. Sure enough, in situ collapses
are generally caudein stresscontrolled conditions Moreover, when a soil is leaded to flow
liquefaction (by means of stress controlled loading), grains show the tendency to rotate continuously,
in order to achieve a minimum friction resistance strucf@asagrande 1976k fact, during his
initial tests, Casagrande was not able to conduct stoegsolled loading,resulting in the
impossibility of simulating this type of soil behaviour, until the late 1960s.

In addition (Castro 1969) undrained tests were performed, for different density, under
anisotropicaly consolidated conditions and monotonic loadings. The sstemi® relationship
allowed to identify three types of mechanisms, depending on the initial density of the specimen. The

following behaviour can be detected:

1 liquefaction
1 limitedliquefaction
9 dilation



Tests resultseported inFigure1-15, show indetaik the stress paths developed during the shear

phases.

\ q
q B B
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Figure 1-15 Undrainedanisotropically consolidated tests for different densities: liqguefaction (a), dilation (b) and limit
liquefaction (c)Kramer 1996)

The looser specimen (tegtshows suddenly a contractive beloav: positive pore pressures rise,
and a peak strength is reached at very low strain level. Afterwards, a heavy drop in the shear strength
is observed, anthe soil completely liquagés c ol | apflew corglitiolon a efel opi n¢
strains at constarshear stresses and very low effective confining pressures. The denser one shows
first a very low contractive behaviour, thellative behaviouris developed and shear strength
increases with an increase in the effective confining stresse®)(t&tmple tested in intermediate
conditions (test), shows a softeningost peak behaviour, during a contractive phase, and then starts
to dilate at higher strain§oil developsthe dilative behaviour once the phase transformation line
(point of contraction dilative reverse) is reached. Such behaviour was then tefiméed
liquefaction.In these testeffective stresse®achd at large strains shape a curvéha plane ¢
that is below and almost parallel to the CVR line. This curve is csiésdly state line (SS{Gastro
and Pouls 1977; Poulos 1981)n this state the soil shows a constant volymecase of drained
tests) effective confining pressure and deformation velocity. Flow of soil structure and the orientation
of the soil particles during stresentrolled conditionsnay be the causes of the difference between
the curves CVR and SSL. The soils with an initial void ratio below the SSL do not show flow
liquefaction whereas the soils with a void ratio above the SSL show flow liquefaction. The locus

mentioned above is a@lly a projection of a curve (in theg ; plane) that liesina 3D spage; p 6, e



or, equally,¢,s6 ,(as also revealed in the previous sectiorFigure 1-6). The 3D locus is thus
conceptually fundamental to better understand the behaviour of a soil and the stress path leading to

liquefaction Figurel-16).
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Figure 1-16 Threedimensional steady state line and its projectiftimer 1996)

Indeed, the knowledge of the SSL line is usefyprgiminary define the potential susceptibility
of the soil regarding the flow liquefactioRigure1-17), by plotting the soil state conditions, in texm

of combination of initial void ratio and stresses:

1 if the soil state plots above the SSL line, and the static stress is greater than the undrained
shear strengttss,, soil is susceptible to flow liquefaction;

9 if the soil state plots below the S8he, soil is not susceptible to flow liquefaction.

Soil is susceptible to flow
liquefaction if static stress
is greater than Sg,

Soil is not susceptible
to flow liquefaction SL

logc”orlog S,

Figure 1-17 State criteria for soil liquefaction susceptibiliigramer 1996)

Thus, the void rati@nly, at which the soil lies in the 1isitu condition is notsufficientto ensure

or not the liquefaction susceptibility. Since the soil shows markedly dimear behaviour, because



of its elastieplastic nature, the stress conditions must be correlated to the initial void ratio. Thus,
since the SSL | anvel waaretdi wiod € otulpeé efistbehavi our
includes the state conditions can be useful to agkesliquefaction susceptibility. Indeed, such

parameter have been nansdte parameteand it is defined aBeen and Jefferies 1985)

Y= €-6ss Equation1-2
In other terms, the state parameter quantify, for a pre@se sbndition, the distance of the soil
state from the SSL locus, preliminary providing the liquefaction susceptilhityie1-18): if y is
positive, soil will show contraction; vieeersa, soil behaviour will be dilative. In addition, at least
theoretically speaking, soils having the same state parameter, with diffaleas ofsd ; should

exhibit the same type of sheaslumetric behaviour.

A Initial state

Steady state

log o5,

Figure 1-18 State parametefKramer 1996)

Despite the state parameyemay be limited to characterize the soil behaviour especially foe loos
sand under low confinement, several studies have been developed in orderytadimifferent
parameters such as friction angle, dilation angle, CPT resistBeee et al. 1986 PMT and DMT
results(Yu, 1994Konrad 1988)

Unfortunately, gen if the state parametgr is conceptually useful to evaluate liquefaction
susceptibility, it is quite difficult to assess with a high accuracy the position of SSL line in laboratory
testing. In fact, several uncertainties regarding the SSL line hamenwestigated by several authors
(Been et al. 1991Flora et al. 2012)showing that granular material can exhibit a -finaar
correlation betweegdande, at steady state conditions, and there isartiqular reason why the SSL

should be linear in the semogarithmic compression plane other than a mathematical convenience.



1.3.2 LIQUEFACTION TRIGGERING

Even if a granular material has been assessed as susceptible to liquefastismot sufficient
to ensure the triggering of liquefaction itself. To trigger liquefaction phenomena, a strong enough
disturbance must be detected, and its evaluation is one of the most critical parts of a liquefaction
hazard evaluation. Anyway, both flow liquefactiordaryclic mobility can be seismically triggered
but, historically, the first understanding of flow liquefaction are mostly related to the static conditions,
which represents the basis to assess the liquefaction triggering under cyclic or dynamic stress

condtions.

Under monotonic shear stress loading, loose soils exhibit a mechanical behaviour that can lead to

flow liquefaction as conceptually describedHigure1-19.
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Figure 1-19 Monotonic loading leading to flow liquefaction in different planes of intef&stmer 1996)

Starting by an isotropic consolidation, if a shear stress in undramaditions is applied, soll
exhibitsrapidlya contractive behaviour, resulting in a ppressure build upXB). If a pore pressure

ratiory is defined as:

i — Equation1-3

it could be asserted that, in poBitry is muchlower than one (i. e. effective confining stresses still
being higher than zero). At this point, reached for relatively low strain levels, a peakjjetpkane

is deected. Afterwards, the soil specimen shows a decrease in the deviator, resulting in a collapse of
the soil itself, leading to high strain levels. Concurrently, from pBinthe specimen becomes

unstable, a rapid excess pore pressudevelopedand effetive stresses dramatically reduce, until



point C is reached. From poifg to pointC, the soil is thus subjected fiow liquefaction,initiated

when the specimen became irreversibly unstable (Byint

If the same types of undrained test ebaducted for different effective confining stresses, with

the same void ratidqgure1-20), a locus of instability points can be detected.

Steady =

state -7

point =
\"L

SSL

-

P’

Figure 1-20 Locus of instability points for static undrained tests

As it has been discussed in the previous sections, since tha texd8 lie below the SSL, they
will exhibit a dilative behaviour and they will reach the steady state point increasing their effective
stresses (i. e. increasing their volume in drained conditions). Thus, in this case, liquefaction cannot
be triggered. PointS, D andE lie above the SSL instead. All the three tests start to exhibit an unstable
behaviour when the deviator peak is reached. Afterwards, flow liquefaction is triggered. The locus of
points at which the unstable behaviour is activated lead to thetidefiaf a straight line, where at
the effective stress conditions correspond the initiation of flow liquefa¢tianzawa et al. 1979
Vaid and Chern 1983)

The definition of the instability points results in the definition of theadedFlow liquefaction
surface (FLS)n the stress path spadadurel-21), and represents the boundary between stable and
unstable states in undrained shear conditions. In other words, if the stress path doessoiche
surface, the soil failure is due to the classic shear mechanisms, vice versa static flow liqusfaction i
triggered. In addition, since flow liquefaction cannot occur if the stress path is below thességady
point, the FLS is truncated at that lefié¢tamer 1996)
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Figure 1-21 Flow liquefaction surfacéKramer 1996)

Hence, the use of tHeow liquefaction surfacéas been applied in both static and cyclic loading
conditions, showing for the latter tHat Striggering criteria can be applied as w@lkid and Chern
1983) Actually, in the case of cyclic loading, several studies have shown that liquefaction is triggered
when the stress path is somewhere withinRh& surface, but the actual trigger point still to be
covered by a a#ain degree of uncertainty. Anyway, Figure 1-22 is conceptually reported the

initiation of liquefaction for both static and cyclic loading.

Figure 1-22 Initiation of liqguefaction under static and cyclic loadings

For what it concerns the cyclic condition, by starting bioaconsolidation, the cyclic loading
applied leads to the development of excess pore water pressure leading the stress path to slide toward:
the axis origins, until thELS surface is reached. Once the soil is in pBinthespecimerbecomes
unstable anddjuefaction is initiated, and the steady state poigdised(pointC). On the other hand,
thestatically loaded specimen shows a different point of liquefaction initiation ([Bpibtt the same
steady state point is achieved when fully liquefactiodatected. Therefore, thd.Sis able to mark
the boundary from which the soil will show instability producing flow liquefaction.



In order to increase the detail level regarding liquefaction phenomena, it is possible to assert that

flow liquefaction can beonceptually subdivided in two stages:

a first stage, at which pore water pressures are generated, at relatively small strains level,
a second stage in which, once HeSis reached because of pore pressures build up, soil
becomes unstable, showing a straaftening driven by the shear stresses required for the

equilibrium(Kramer 1996)

Obviously, the increments in pore water pressure play a key role in the liquefaction phenomena,
since t hey divenpeasers eamft wibentdisthssed so far. If no pore pressures are

generated, no matter static or cyclic or dynamic loading, liquefaction will be not triggered.

In case of cyclic loading, both flow liquefaction and cyclic mobility can be reached, depending on

the shear stresmagnitude and the initial conditions in terms of proximity toRbg.

Usually, static irsitu stresses remain essentially constant during a dynamic shaking, at least until
large deformations are achieved. When the shear stresses required for thegatiicum are
greater than the steady state strength, flow liguefactiaroccusince the stress path inevitably falls
into theFLS. In other words, ifnitial state lies in the shadow regiohFigure1-23, soil is susceptible

to flow liquefaction.

Steady FLS —%

state
point

y

Figure 1-23 Initiation zone in case of flow liquefaction

On the other hand, cyclic mobility can be activated in the complementary zone, as reported in
Figure 1-24, when the shear stresses required foretpailibrium are lower than the steady state

strength. No flow liquefaction is detected, but considerably settlements can be achieved anyway.

If triaxial tests are conducted to assess the cyclic mobility behaviour, mainly three different

configurations caie achievedKigure1-25):



a) t satic t cye >0 and no exceedance of steady state strength;
b) t static t cyc >0 and exceedance of steady state strengdached temporarily;

C) t static t cye <O and no exceedance of steady state strength.

q ‘

Figure 1-24 Zone of susceptibility to cyclic mobility

In all the three type of stregmths, no flow settlements can be developed; even if the soil exhibits
instantaneous and/or transient stagesbat 0 ( eC),@and paermageat strains and, consequently
deformations, accumulate incrementally. Moreovegnewhen the stregsath is cycling upon the

failure drained envelope, a residual shear strength is available, as sHegurei-26.
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Figure 1-25 Possible cases of cyclic mobility

Indeed, once cyclic mobility Isdeen fully developed and static shear is apptlegisoil exhibits
a shear strength resulting from the dilative behaviour until teedyg state point is reached.

Significant permanent strains may accumulate during cyclic loading, but flow failure cannot occur.
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Figure 1-26 PostCyclic-Mobility static loading

In addition, Bboratory tets are particularly useful to investigate the pore pressuredquiidiring
the cyclic loading. To that aim, several authors have developed correlation able to predict the rises in
the pore water pressurg, as a function of the number of cycles. In particilag and Albais§1974)
andDeAlba et al(1975) basing on cyclic tests, have developed the following relationship:

i g BO ETc :))— o Equation1-4
in which:
1 N is the current number of cycles;
1 Niis the number of cycles required to reach liquefaction;
f U is an experiment al par amet er cdnditibnisng 1 nt

Equationl-4 is thus useful to predithe pore pressures that could arise, for a given soil, even for

events that do not lead the soil tofbly liquefied, as shown ifrigure1-27.
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Figure 1-27 Pore pressure buildip as a function of the number of cycle



In fact,if a givenseismicevent is such to not completely liquefy the soil, pore pressure rises
anyway. Thus, even if fully liquefactios notreacheda decrease in the effective stresses is achieved
because of the pore pressure increment, resultinglawer shear strength ohe soil In such
conditions(ry<1), failure mechanismdifferent from the pure liquefactiazan be activated (e.g. loss
of bearing capacity)or settlements due to the effective stresses reductioresatiincompatible
with regards t@n existing structur& herefore, hie aim ofliquefaction mitigation actions i® avoid
fully liguefaction certainlybutalsoto guarantee that pore pressum&emenis compatible regaidg
to the abovementionedfailure mechanisor excessivesettlementsindeed when a mitigation
actionis neededthe desigrry is generallychosen referring to the allowable settlements or to the

bearing capacity aghallow foundationgFasano et al. 2019)

The thesis work aims to the development of alBi® techniqueby means ofgas bubbles
nucleaion within the soi| in order to increase the cyclic resistance of granular liquefiable materials.
By its nature, the technique is suitable to reduce the pore pressuraifppuiidnks to the higher
compressibility of the nucleated g&since pore pressure rises anyway, aifipes has to be assessed
in design phasedy applying possible design procedueailable inthe literature (e.g. Mele and
Flora 2019. Once the Starget has been evaluated, design of thelP#® is needed, in order to
guarantee the desired deg@& saturation.

1.4AGENERAL FRAMEWORK AND GOAL OF THE WORK

The present thesis has been funded in the framework of PON22012 0 Inre\&ativéiPhD with
industrial characterizatioa . The wor k has Uneesity ol Napok, Fedgrieodl a't
within the Department of Structures for Engineering and ArchitectiB&udtural Engineering,
Geotechnics and Seismic Risk PhD colueswl in collaboration with the industrial partiiercnoln
S.p.A.a n d Ratuleladgide Engenharia, University of Pofta The work has bee

follows:

Chapter 1 contains an introduction to the main to@aosintroduction to liqguefaction as well as
cases history ameported briefly underliningthe mainaspects of interesfterwards the goal of the
researclwork is presented

Chapter 2introducesthe maintraditional mitigation techniques, in order to evaluate the current

landscape.

Chapter 3 expoundbe InducedPartial Saturationas a liquefaction mitigation technigaadthe
fundamental concepts about partially saturated ,soigerlining the configuration that $ito be
achieved to face the liquefaction phenomena thithtype of mitigation actiorSeveral possible IPS



techniques are preseniddcusing on the possiliy of linking the biechemical potential of some
IPS solutios with respect to the geotechnical engineerimgaddition, the involved biochemical

processes are discussed.

Chapter 4 reports on the biological experimemtagstigation which represents ¢hbasis for the
development of the present research work, carried out in collaboration witbpghetment of Biology

of Federico Il.

In Chapter 5 the experimental program carried out at DIGE#&technical laboratory of the
University of Napoli Federico lis presented, showing the potential of the adopteetiemical

solutions to induce partial saturation in sand. Desaturation tests and optical analysis are discussed.

Chapter 6 is focused grossiblemonitoring techniqugable to verify and quantify the degree of
saturation achieved during the ground improvement process. In detail, both electrical resistivity and
P-wave velocity are discussed. The experimental programme on the latter is carrideboul@ade
de Engenhaa, University of Portdoy means of bender element tests. Laboratory analyses and data
interpretation are discussed. In addition, numerical modelling based on bender element tests is
performed, by means of FEM code PLAXED, in order to verify and validatthe laboratory

experimental data.

Chapter 7 contains a summary of the entire thesis work, underlining its key points. Finally,

conclusions and remarksediscussed

As previously shortly mentionedhd present thesis aims tite development of a nenvasive
Induced Partial Saturation technigaéle to reduce the susceptibilitgf granular materials to
liquefaction. In additionmonitoring techniques have been investigated in order to assess the

efficiencyof the treatmenin terms of final degree of safition achieveavith the IPS technology.
The experimentalork is subdivided as follow:

1 Identification of a biological process able to generate gas bubiilda the pores by means
of microorganismmetabolism;
Isolation ofdifferent bacteridineages collected by a sludge treatment plant;
Identification of the bacteria lineagable to carry outlenitrification processes, resulting in
the nucleation of gas bubbldsy means of biological testing in controlled environment;
Assessment adptimumbacteriagrowth by meansf chemical broth solution;
Analysison the environmental compatibility ¢fie generated gas compounds dratteria

metabolisndsubproducts;



Identification of several tested soils;
Desaturation tests able to assessauantify the generated gdseading to the desaturation of
specimen;

1 Bio-chemical transient analys@ming to investigae the biological patls and products
generated during bactediactivity;
Optical analysis on bubbles nucleation;
Monitoring testing bymeans otlectrical resistivity and-#aves velocity measurements;

Numerical modelling of Rvaves propagation to validatee experimental data

Thus, he thesis workriesto cover the entire process of IPS improventeohnique starting by
the nucleation process order to assess the finalt8at can be achievewith the final goal to set
up areliable monitoring technique able to verify, in real scale problemdfitreney of the treatment
by means of indirect monitoring methodolodye latter presents very delicate issues because of the
heavy heterogeneity of the saihd the complex behaviour of the-phiase materiaomposed by
soil-gaswater.Neverthelesshie implementation of indirect monitoring techniques is negdexder

to ensure the effectiveness of the induced partial saturation technique desingtneatment.



2 CHAPTER 2

2.1 TRADITIONAL LIQUEFACTION MITIGATIONS TECHNIQUES

In this section &rief framework about mitigation techniqueble to reduckquefaction poential
is reported Several techniques have been studied and developed during years, selddtienof
one of thenrather tharothersis strictly correlated t@everal factorsdepending on the specific site
and soil to be improved as welne of the most bindingspects is the urbanization of the atba
higher is thes i tdegfes ofinthropizatiorthe lower will be thenvasiveness of the technologjyat
will be used. This aspect fsindamental for the right choice of the me#ficient methodologyto

carry on, ensuring hidgf reliable results in terms of liquefaction resistance increment.

The first step talevelop efficient mitigation techniquestesidentify the soil characteristics that
influen,e t he soil 6s t en depedbposingactdrsiamgknoa anddetefirinads |,
i mprovement technigues can be I mpl e maspdneed ,

out in the pevious sectionjguefaction susceptibility is deeply related to:

Density;
Cementation;
Gradings;

Boundary conditions;

= =2 =4 A

Saturation.

Thus, starting by the knowledge of th&iggering factors mitigation techniques can be
implementedby applyingeithertraditional methodor more innovative mitigation actions.

Huang and Wen(2015) proposed the following classification for liquefaction mitigation

techniques, by classifying three different categories

M1 Soil reinforcement
1 Drainage

9 Saturation degree reduction

Regarding the soil reinforcements, differanethodologiescan beconsidered, such as soll
redacement, soil densification and bonding of grains. More precigels mentioned above can be
achieved with several technologies, depending onstigecharadristics. For example, if a soil

densificationwants to be reachethe main technologies suitable to the aim are:

1 Dynamic compaction

1 Vibro-compaction

ac



1 Compaction grouting

Thanks to theapplication of theechnologies mentioned abgveis possibleto densify the soill
skeletonandconsequentlylecreasing the soil susceptibility to liquefaction phenomédsaally, the
design of the densification technique is based on the individuation of either target relative density or
cyclic resistance rat (CRR). A check of the effectiveness of the treatment can be done by some

empirical methods based on the interpretation of the CTP resultB¢elgnger and Idriss, 2@}

2.1.1 DYNAMIC AND VIBRO -COMPACTION

Starting by the ynamic compactionsuch technique is surely applicable for neamstruction
located in anon (or low)urbanizedarea The technique, indeed, consists in high energy impacts of a
heavy soil mass on the ground surfgm®ducingnoise and vibrationgesulting in the inapplicability
in urban environmenfThe kinetic energy allows to densify theil beneaththe ground surfacé\s
pointed out by ukas (1995)the efficiency of the treatment is a function of the grain size distribution,
plasticity index and permeability ofehsoil, resultingn three regions of soil grain distribution that

assessheapplicability of the dynamic compaction orgavensoil (Figure2-1).
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Figure 2-1 Soils suitable for dynamic compactifirukas 1995)

Sure enoughthe ares interested by the treatment, and @Bectiveness, decrease with the
increasing of theonsidered depth.



Figure 2-2 Dynamic compaction example

Figure2-2 shows operatively the technique applicatitbrH is the falling heightW s the weight

of thefalling masstheenergy of thesinge impact issimply:.

O wJ0 Equation2-1

and consequently, the specific eneffgy unit area as
(o6 :
O 5 Equation2-2
wheren is the number of impacts addthe treated aredn addition to quantify the treated depth

by the single impact the followingmpirical correlatiortan be used:
0O 02w JO 8 Equation2-3

Where K isa normaliing factor, taking into account the soils charactersstieterogeneity of the
subsoil, degree of saturatiand other technical factofi$ no data are availablé,is common practice
to use K#9.5). Finally, in Figure 2-3, an example ofoperative sequence is reported for such

improvement technique.

Area pass
f . Ironing phase

Figure 2-3 Example of operative sequence of dynamic compaction



On the other hand, vibroompaction methodonsistsof the insertion of a vibrating massthin
the soil and, thanks to an eccentric acceleration afthes t r u me n ingaslengificapion ofthe@ d u c

surrounding soiitself. An example of the operative sequence is showsgare2-4.

Figure 2-4 Example of operative sequence of vibro compaction

For the application of this kind of wib-compaction, the fines contesitould be lower thah5%.
For larger fines content the method faces difficulties in densifying the soil with the pure application
of vibrations In addition,water flushing isusuallyapplied to ease the penetration of the vibrating

tube

Unfortunately, he efficiency of thevibrator and his motioas well,evenusingaccelerometers at
the tip of the vibratingmass,is not reliably assessable, resulting lacking information for the
densification of the surrounding soil and occurring fluidisation or liquefaction phenomenal éhe
vibrator (Triantafyllidis and Kimmig 2019)

Even if the technique isupposed to bleighly efficient, especially for clean sandsp particularly
reliable methodologies are availablepeedict preciselythe final improvement carried out by the
vibro-operation. This is mainly due to the comgigof the induced deformationear the vibrating
tip, as schematically shown Figure 2-5, where authors identify three different zones, respectively

a fluidification zone, @ompated zone and an elasticne.
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Figure 2-5 Simplified scheme of the treated zone with vitimpaction techniqug3riantafyllidis and Kimmig 2019)

In addition,the cavity created by probe penetration should be filled loyl vgh a specific grains
size distribution to increase the compaction degree, some recommendations on particle size

recommendations are given Blias et al. (2006)
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Figure 2-6 Soils suitable for vibra&compaction(Elias et al. 2008)

Details on design issues regarding this type of techracpeotreatedn the present work.

2.1.2 COMPACTION GROUTING

Finally, regardinghe soildensificationframework, compaction grouting represents an alternative

technique to reduce the liquefaction susceptibility of granular materials.

Compaction grouting is a technique to increase the strength of loose, liquefaction susceptible soils,
by increasing theiralative density. First, the susceptible soil is reached by a grout pipe easing
then, a stiff cemengrout mixture is injected through the pipEhe procedure is therepeatedat
different stages in order to forexpanding grout bulbs within the soil s The bulbs of grout
displace the soihearbyand densify the surrounding zorfeurthermore itinherently densify the
loosest soil inproximity of the grout pipe and thus treat the most susceptible magetisr and

Roycroft 2004) In Figure2-7 aqualitative sequence of compaction grouting application is shown.



Figure 2-7 Qualitative £quence of compaction grouting application

Unfortunately, compaction grouting involvesveral soiparameters due to different possible soil
conditions as well as grouting variables. The application of the method, howelezplyboundby
practical experience and empiricism. A mechanistic model that rationally considers the different
variables involed in the process and allows for optimized design is not avaiableelesh et al.

2001) Indeed the improvement of sodue to thecompaction groutingechniquds usuallyassessed
by comparing the prreatment ad posttreatment penetration resistances of the standard penetration

test or cone penetratiaest(El-Keleshet al. 2012)

However,several theoretical schemes have been studied during the years, referring to different

types of mechanisms, as reportedrigure2-8.

Figure 2-8 Different compaction grouting mechanisms:ExQpansion of Grout Bulb; 2) Conical Shearing Failure;,Gout
permeationifo compaction grouting is carried out)

These three different schemes lead to different theoreti@liation of the treatmenthe first
scheme refers tmadeal expansion of a spheriaavity in an isotropic elastiplastic continuum, in
which the sumunding soil behaves first elasticallyntil the yield locus is reachgdigure 2-9),
determined by the MokhC€oulomb criterion(El-Kelesh et al. 2001nder a strain point of view, the

following relationship can be assumed:
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Figure 2-9 Cavity expansion schen(l-Kelesh et al. 2001)

On the other hand, by considering the conical shearing failure mechanisguia2-8, starting
by the assumtion reported irFigure2-10, Wong (1974 )proposed the following relation linking the

treatmentadius, R, to the limiting pressurey R as follow:
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Figure 2-10 Conical shearing failure mechanism

Regardng to the third example ifigure2-8, such a mechanism has to be neglected or, at least,
reduced to a minimum, since it could lead to a permeation gfrthe hroughthe soil voids, leading

to a different consolidation technique, but not a compaction grouting one.

Moreover grain cementation is an alternative goal that can be achieved to improve the mechanical
behaviour of granular soils, increasing thegsistance to liquefaction phenomena. The main

techniques that can be applied to that aremainly represented by:

1 Low permeation grouting technique;
1 Soil mixing techniquge
1 Jet grouting technique.

These techniguado notinduce adensification of the soil, rather they carry on a cementation
the grains, resulting innaadditionalcohesve rate, improving the cyclic behaviguand they are
becomingeven more reliable improvement techniques thanks to the increasing &ftertisinthe
geotechnical engineering practice and research.

2.1.3 LOW PERMEATION GROUTING

Thelow permeation grouting techniquensists in the injection of a grotiat permeates within
the soil voidswith a relative low pressure of injectiofihe aim of the &hnique is such tdevelop a
specific rate of cementation without dislaogtthe soil particles. In other words, the groutlasidy
injectedin order to not change significantly the effective stress#ing in situ. Thusthe technique
representsrainnovative mitigation solutiorgspecially in developed sites with existing structures
particular,a solvent type silicatebased material dited by water can be injected into the ground to

replace the existing pore water and form a permanent gel which binds the particles of soil together



(Rasouli et al. 2016)A qualitativesequence of application isgorted inFigure2-11, in which four

different stages angresented:
(1)
QLT
Ry
SRS

Figure 2-11 Qualitative schemef low permeation grouting application

1. A grout, with relative low viscosity, is injected within the soil voidéthout changing the
soil s fabric;

2. The groutin a fluid statanitially, starts to incrase its viscosity,

3. The grout begins to solidify, carrying out cementabonnds;

4. Cement ati on bounds are fully developed,

improved.

The main issue related to the application ofltdve permeation grouting, is arstenation of the
treated volume by the grout injection. Several theoret@akionshig are available, even if tire
previsionsare heavily affected bythe soil heterogensit For exampleundera cylindric filtration

hypothesis, the following relationshiat constant injection pressuocan be carried out

[ OY dT'Y Yy Y Y Equation2-8
T3y 30 C v guation2-
in which:

1 om: unit weight of the injected grout

1 n: porosiy;

1 S:s o idegoes of saturation

1 pi: injection pressure

1 km: permeability of the soil® the injected grout

1 Ro: radius of the injection borehole.

Thus,Equation2-8 links theradius of the treatment to the injection time, which is upper bounded
by the gding time, e, represented by the specific time from which the grout starts to increase

significantly its viscosity, resulting in aull, or very low,injectability of the grout itself.

q



2.1.4 SOIL MIXING

Soil Mixing represents versatile consolidation technique consistirtgeimserton a rotating
deviceinto the groundon which propellers and / or mixing blades amstalled ensuing the
disintegratiorand insitu mixingof the soi) thanks to @inder inserted by means of special nozzles.
An element (column, septum, etc.) is formadd the resulting materighows higher shear strength
resistancepwerdeformability and permeabilityith respecto thesurrounding soil. The mechanical
and physical properties of the treated soils do not depend only on the type of binding agénittused
also on the way in which it was added and mixed to the soil and on tispediéic conditions of
maturation.The advantage of the soil mixing technique lies in its wide range of applicability, with
respect tdhe type of soil to be treated. Indeedth the soil mixing technique it is possible to treat
soils spacingfrom clean sands and gravels to clégsuce 2000) Typical soil mixing improving

actions are qualitative reported inFigure2-12, in terms of possible geometry of treatment.

Soil mixing techniquesan beinvolved by means of two different methods, depending on the in

situ characteristics of the soilhus, theséwo different methods are:

1 Soil mixing Dry Method
1 Soil mixing Wet Method.

In the dry methodhinding is activatedirectly within the treated soflt has to present sufficient
natural water content to that aim). On the other hand, the wet matbmides thechemical grout to
be injected directly in a liquid state within the sdiigure 2-13 and Figure 2-14 represent

schematically thén-situ application, for the dry and wet methedpectively.

) 000000

; 00000
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Figure 2-12 Typical Soil Mixing applications



Figure 2-13 Example of dry method application

Regardlessthe applied method, differerdtages application can be considered. The final
characteristic of the treated sodn be optimized by changing teeecution procedures, as a function

of the virgin soil and its stratigraphy. Figure2-15 different execution procedures are reported.

77 | |

(1) Positioning auger  (2) Drilling and mixing (3) Reaching bottom and (4) Reverse mixing while (5) Complete
binder with soil continuing mixing withdrawing

Figure 2-14 Example of wet method application

As it is show, the followingexecution procedures can be carried out:

a) Without or with bottoming;

b) With reversal during penetration;

c) With bottom restrocking;

d) With stepped restroking during withdrawal;



e) With full depth regroking.

Depth

Time  (c) Time
P
Depth
(e) Time
i
A
Depth

Figure 2-15 Typical execution proceduresd deep soil mixingTopolnicki 2004)

The choiceof an execution procedure rather thahersis a function of the stratigraptand the

different layers of soils that li@ the treated volume.

The soil mixing technique is often applied to carrfigoefaction mitigation actions, since itis a
very versatile technique, applicable practically in all soils e a wide range of geometry can be
achieved as well. For exampke, Lditice Type Configuratiam Figure2-16) is often applied to face

liquefaction issues, sincergpresents a high efficiency measure against lateral spreading failures.

Figure 2-16 Lattice Typetreatment

In Figure 2-17 a qualitative example of liquefaction mitigation action by means of soil mixing

technique is reported.
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Liquefiable soil
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Figure 2-17 Examples of DM application for liquefaction mitigation (schematic): (a) protection of a river dyke; (b) improve
of the lateral resistance of pil€Sopolnicki 2004)

2.1.5 JET GROUTING
Finally, regarding the cementation techniquesther reliable mitigation action is represented by
the Jet GroutingtechniqueJet grouting i grourd improvement technique able carry out treated

columnsof soil-grout mixture by means of the injection at very high velocitidés grout

The technique involves a first perforation phase and a second phase in which the mixture is injected
asthe equipmentises Figure2-18). Practically during the treatment the-situ soil is disintegrated
by the injection fluid thanks to its high kinetic energy and thennmmxed, with consequent
improvement of the relative mechanical and / or hydraulic prope#iese the disintegration is due
to the high velocity jet, rather it is not a pure mechanicaimigingi as for the soil mixing the
generated columns are deeply influenced by the shear strength of the treated soil. Thus, the
dimensions of the improved volumes are not constant with the dafiilr they will be variable as

the mechanical characteristiasthe soil change.

bbb

Figure 2-18 Jet grouting application phases




Severalauthors have widely investigated the relationship betweerethenergy, the grout

viscosity andechnological parameters as waellth the final diameter of the obtained colurfifora

et al.(2013 pointed out thah simple yet sound way to quantify soil resistataerosion is toelate

it to the soil shear strengtfihus, starting by the knowledge ofsitu testing $PT or CPT tesjsas

well as the knowledge of the specific energy at the nofEea$, it is possible testimate the final

diameter using the following equations:

G “TIHIND
>

Oy, - — Equation2-9
Oh C ol 0 5 quati
0O O 3' X 0 § o) v Equation2-10
X® P 1 p T
' , | X0 n Equation2-11
O ©O O @D Op?b
in which:
1 Wuis the velocity at the nozzle;
1 } is the grout density
1 Mis the number of nozzles;
1 dis the nozzle diameter;
1 w is therise velocity
q Uis an empirical parameter depending on the technology(asegedoublétriple-fluid);
1 Dretis a referenceliameter obtained with a single fluid jet grouting havirsf., Esu=10

MJ/m and gel.5 MPa or NSPE10 (depending on the soil type

band U are empirical bymeas ofeéweor mexidting fielde
data;

s* i s a hylimensichlgspaaameteXHinze, 1948)aking intothe interaction
between the jet and the surrounding fluid



Figure 2-19 Example of double fluid jet grouting field trigiflora et al. 2013)

Thus, jet grouting as liquefaction mitigation technigae be used to reduce the susceptibility of
granular depositssince it is in facta high efficiency treatmenmnicohesionless material. The
cementation of the grairtstally inhibits pore pressure rises, and the high execution speed of the
technique makethe jet grouting suitable to liquefaction mitigation issues. On the other becal)se
of the very high velocit of the jet the technique is not applicable in urbanized area.

The brief frameworldiscussed above, regarding the possible cementation techniques, represents
only alimited range of the possible mitigation actions to face liquefagi@nomenaAn altemative
branch of ground improvement techniques is representedrdigage systems. Such mitigation
actions, at whiclincreasing attentions have been dedicated in thgdass(Fasano et al. 2018en
Salem et al. 2015)allow to reduce pore pressubgild up by means of the insertion of high
permeability devicesThe presence of boundary surfaedde to drain rapidly the pongressure
induced by the seismic event can reduce significantly the liquefaction potential of granular deposits.

2.1.6 DRAINAGES SYSTEMS

Within this type of mitigation techniqueslifferent solutionan the geotechnical engineering
panoramaare available such asthe installation ofprefab drains vertical or horizontal or the
installation ofstone columnsRegarding the possibility of talg advantage oprefab drains, an
innovative design method is available in the literafardnorizontal drains as liquefaction mitigation

action.

Fasano et al2019 suggestlesign chartsvhich link the pore pressuratio, ry, with thespacing
between the horizontal drains and their diame®&arting by theEquation 2-12, authors have
developed design charts reportedrigure2-20.
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where:

1 Als aparameter shape for pore pressure bugdccurve

1 dis thedrain diameter

1 Neqis thenumber ofequivalent cycles of the shaking

1 N is thenumber of cycles required to cause liquefaction

1 ruis thepore pressure ratio

1 tis thetime variable

1 Taais thedimensionless time factor

1 tqis the significant duration of the shaking;

1 xandy are thespacedomain coordinates
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Figure 2-20 Design charts for horizontal drairn&asano et al. 2019)

Thus,the abovecharts represent a very innovative approacteliable designhorizontal drains
installationby imposng a pore pressure rati@arget ry, andthe significant duration of the shaking
by means of 44 As results, the ratis/dcan be easilpbtained

Ben Salem et al2015) studed the peformance of reinforcement with granular columns as a

method for thdiquefactionmitigation. The installation of stone columieads to thealissipation of



excess pore pressure dudhe higher permeability of the inserted materadtually, reinforcement

can mitigate the risk of liquefaction through additional mechanisms, incltitgngcrease ithe soil
density during installation process of granular colunarg] theincrea® in the lateral effective
confining stress in the soilAuthors analysenumerically the influence of thechanges in the
permeability of thesurroundingsoil, by identifying a disturbed and undisturbed zone due to the stone

column installatior(as shown irFigure2-21).

k(r)
o~ E
Undisturbed %%
Disturbed e % !ﬂ
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Figure 2-21 Variation of horizontal soil permeability: (1) reduced constant permeability, (2) linear variation of soil permea
(3) parabolic variation of soil permeabiliffrom Ben Salem et al. 2015)

Design charts arprovided as a function of the permeabilitariationin the surrounding sqifor
reduced constarfFigure2-22), linea (Figure2-23) and parabolic variatiofFigure2-24) of the sail

permeabilityitself.

Authorsalso provide charts in which the peakrgf®*is related to the rat®s/candki/ks (Figure
2-25), pointing out that wh the increase of granulaolumn spacing, the generation of excess pore
pressure increase8esides, the installation granular columnhas sigricant irfluence on té
generation and the dissipation of excess pore presseaaced soil permeability, and a larger
disturbed zone around the granular column increases the peak value of the maximum pore pressure
ratio ru ™ With linear variation of soipermeability in the disturbed zoregher values of the
maximum pore pressure ratio"*arepredicted, and the lowest values are obtained when reduced
constant permeability is considerethe installation of the granular draimevitably affects the
permeability of the surrounding soil, thus a different permeability has to be considered certainly. In

fact, the hypothesis of reduced constant permeability is not realistic: changes in soil permeability will



be lower as higher distances from the drains canesidered. Thus, the linear variation of soil
permeability is preferred, since it better modelsitis¢allation effect of the granular columns and it

is more conservativas well since higher pore pressure ratid®are predicted.
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Figure 2-22 Variation ofrmaxuwith T(t / t d) for differentki/ ksin the case of reduced constant permeability in the disturbed :
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Figure 2-23 Variation ofrmaxuwith T(t / t d) for differentki/ ksin the case dlinear variation of soilpermeability in the disturbed
zone
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Figure 2-25 Variation of the peak values of'™ with radius ratio s/c (left) andiks

Finally, the saturation degree reduction which particular attention will be dedicated in the next

sectionsrepresent an alternative method to improve the cyclic behavisatofated cohesionless

soils.Indeed, laboratorytriaxial testqTsukamoto et al. 201Mele et al. 2018band centrifuge tests

(Zeybek and Madabhushi 2017ave shown that the mechanical behavior of granular soils depends

strongly on the degree of saturation. Cyclic undrained tests have demonstrated that even a small

reduction in the degree of saturation can lead to a caabidancrease of the cyclic resistance ratio.

Different methods have been tested in previous studies, such as air injf@&#nura et al. 2011)
water electrolysigYegian et al. 2007 chemicalsodium perboratéEsellerbayat et al. 2013)hus,
in the nextsectiona solid and wide framework abontluced partial saturation (IPS) technique will



be reported, in order tnderline the main aspects that make such technique a very useful one to face

liquefaction risk mitigation.



3 CHAPTER 3

3.1 INDUCED PARTIAL SATURATION AS LIQUEFACTION MITIGATION
TECHNIQUE

Thanks to the evemore rapid development of science, technologies and -gisaiplinary
approachesljiquefaction mitigation riskcan be faced taking advantage of several innovative
techniquesThe increasingcollaboration between different branches within the acaderrd is
leading to thegrowth of innovative and reliabléechnologies which look promising within the
liquefaction risk mitigatiorframework butstill confined inthe research environmest far. Thus,
implementation research, field trial tests, laboratory reseaashwell as an ever more deeply
understanding of all the processes involved using such technologies represent a kaythale

industry to take advantage thiese new potential ajigations.

Indeed, in the last few yearthe solid link consolidated between different disciplinesot
necessary included in the engineeringsermave lel to different technologies such as the use of
colloidal silica, bentonite or laponite. Among thahe development of an Induced Partial Saturation
technique, usingeither chemical or biological approaches, represenfgomising mitigation
application able to reduce the liquefaction risk Wwibw or null disturbance oa hypothetic structure
nearby.Several methodologies, as it wilk seen in the following, can be carried on to lower the
degree of saturationyway, all of them aim to thachievement foa tri-phasesoil configuration
that is

1 asolid phase (grains);
1 aliquid phase (pore water)

1 agas phases(qg.air, nitrogen.

The presence of a gas phassgardless its spatial distributioleads to an important increase in
the cyclic resistance of granular depositse to the higher volumetric compressibility of the gas
itself, with respect to the water compressibility (picadty incompressible in thpressures range of
interest).The capability of the gas to compress itseifisto change in volumdeads to a decrease

in the pore pressures build.up

As it has beeshortlyunderlined previouslyaboratory tests have wideinvestigated the increase
in the CRR due to the presence of thes wi t hi n t hFgures3diandBigure®d r e s .
laboratory tests results are reported, ensuring that even a relativélyresfoation of $leads to
considerable increase in the cyclic resistajecg.from 100% to 8200%,Figure 3-1).
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Figure 3-2 CRR for partially saturated soildsukamoto 2018)

Thus, if the presence of a gas phbkesals to a different mechanical behaviour of the #oig
necessary to deeply understand first its pdssionfigurationwithin the soil skeleton. Once the
several gas phase distributiohave been studiedit will possible todifferentiate the soil cyclic

response as a functiarf the gas distribution itself.

To that aim, inFigure 3-3 possible gas phase distributions are repdfitedoueil et al. 201 in

which they are subdivided as follow:

a) Continuous gdsdiscontinuous water
b) Continuous gas/continuous water
c) Discontinuous gas/continuous wagemall bubble)k

d) Discontinuous gas/continuous watkrge bubbles.
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Figure 3-3 Possible gas phase distributiofisroueil et al. 201p

First of all,since the whole liquefaction processesmaostinfluenced by the pore pressure rises,

it is useful to identify a simple parameter able to take into accourgrésence of the gaand its
spatial distributionTo this aim, a first differentiation can Imeade on the basis of theell-known
Skempton parameter, B, whichn be easilgbtainedn triaxial tests as the ratio betwesmaglc. By

using the Bvalue as a function of the degree of saturation, several aytkansata et al. 2009;

Tsukamoto et al. 2014roposed a conceptual subdivision of +saturaged soils, asvill be discussed

lateron.

In fully saturatectonditions interparticle pores are completely filled with water, and no gas phase
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Figure 3-4 Schematic configurations of gas phases faéd from Tsukamoto et al. 2014)

Actually, if soil is not fully saturatedyndera total stress increment pore air and pore water pressure
show different rates of increments and can be quan{ffadghan 2003py specializing the pore
pressure parameters, always lower than 1, asd@l U a=nu Bigure 3-4 shows, as a
function of depth,the conceptual subdivision discussed abovkus, following this type of

subdivision, soils having a gas phase can be finkfined agTsukamoto 2018)

1 Unsaturated, when the gas phase is continuous;
1 Partially saturated, when the gas phase is discontinueuthe presence of the gas results

in occluded gas bubbles fitting the pore spaces among the grains.
As pointed out by.eroueil et al(2015, unsaturated soils can detected when:

soils are deposited above the water table, remaining unsaturated
soils are compacted to degrees of saimakower than the degree of saturationtla
optimumwater content

1 When desiccation leads to gas entry at thegaslboundary.
On the other hand, partially saturated soils conditions camalpdy achieved when:

9 soils are compacted to degrees of saturation higher than the degree of satutagon at
optimumwater content
soils containing dissolved gas are subject to a reductipore water pressure
gas is generatedirectly within the soil for exampleecent sediments containing organic
matter microbiological processes can be involved, with cqueat generation of gas (e.g.

methane)



1 When gas is trapped in sorype of applcation, for exampléy wetting of soils in which
the gas was previously continuous as a result of drying or compaction dry of optimum

water content

Successivelyit is necessary to deeply investigtte laws and mechanisms that influence the gas
phase First of all,laws controlling gas conditions must to tag&en into accounilo this aim, both
B oy I(Egoaton3-1)a n d H ebguatyoid3<) lafvshas to be considered

bw O YY Equation3-1
0 Q —— Equation3-2

where Nhg= number of moles of gas, R = universal gas constantasolute temperaturbyg=
constant of dissolution of gas in watemsy number of moles of dissolved gas angN total

number of moles of water.

On the other hand, under a mechanical point of view, fiilndamentathe knowledge of laws
controlling the mechanical behaviour. With regards to a continuous gas gikag®ition, at the
interface wategasis presenta surface tensiornls, which plays a key rolen the unsaturated soil
mechanics. In particular, the surface tendmmble tosustainextension stresses resulting in the
possibility of the air pressure to be different from the water pressure. Wheteiti@da gasvater is
curved, menisci exisand the difference between the air and water pressure is given by the following

equation:
. Y :
O O G v Equation3-3

which is the welknown capillarity law. IrEquation3-3 is presenthe radius of the meniscus, Rs,
and the previously discussed surface tendignyhich is equal t@3 mN/m for a temperature of 20°C
at atmospheric pressurhe difference betweesir and pore water is calledatric suction s=(Ua-
Uw) and results in andaitional normal forcdetween the grain@Vheeler and Karube 1995lhus,
the presence of theuctionconfers an additional shear strentphthe soil itself. This mechanism
results inunsuitbility of the effective stressesinciple, rather it is necessary to model the mechanical
behaviour with a different approach.



3.1.1 PARTIALLY SATURATED SOIL S MODELLING : FOUNDAMENTAL
CONCEPTS

In the present section a simple and brief overview about partially saturated soil is reported, in order
to frame the mairconceps useful fort h e t h e sPbssilile gasophdse configurasaoare
discussed aswellasgh r mai n conceptual i mplication rega

As previously discussed, a reliable parameteditode unsaturated and partially saturated
conditions is represented by thevBlue.When a change in confining pressure is applied, both
and water pressws@ncrease, and their rise can be evaluated by means diffénentpore pressure
parametesBaand By. These two parameteshowdifferent values and are lower than 1 due to surface
tension of pore water within soil aggregaf€sukamoto 2018)n theseconditions, the higher is the
increment in the confining stresses, the lovibkeromesthe matric suction Conceptually,a
transformation phase between continuous and discontinuous gas phase distributedevpilhce
Oncethe continuity of thegas phase ibst, a different configuration wilkexist soils voidswill be
thenpartiallyfilled by occluded gas bubbleBheoretically, a difference in air and pore water pressure
still exists due to the presence of the surfagesiten(Equation3-3). In fact, in such conditions, the
water phaseéoesnot interact with the grains anymof@uction is still presentn terms ofdifference
of pressure between thmibble and pore watebut, since norteraction in terms of menisci is
involved, suction can be neglected. Thus, no more additional shear streitfighfffect the mutual
normal forcedetween the grainghe phase transfmationleadsthe soilto be modelled differently.
Indeed, since the existing bubbles are occludeddanabot interact with the soil skeleton anymore,
soil - which is triphase actuallycan be seen as afpihase materiacomposed by a soil skeleton and
an equivalent pore fluidomposed ofvaterandbubbles As it will be seen irdetailin the following,
the biphase modelling of the materialuseful to predict desaturation effects in engineering terms
and therefor¢o face liquefaction mitigation risk by means of IPS technique.

In any caseeven though the pore pressure coefficient represents a good pararegf@aitathe
partially saturated configuration, the physigarameter ruling the phenomenon is the degree of
saturation, obviously. Indeei,the B-value is a reliablenarker, it represents simply a total response
of the soil to a change in its degree of saturattmit has been reported Figure 3-5, B-value is
strictly correlated to the degree of saturation, The phase transformation from unsaturated to
partially saturatedonditionsis deeply related to thgrain size distribution of the soil itselknyway,
if granular soils are investigated, a first order of magnitude-afi8ding the continuity/discontirity

of the gas phasean beassumed to be near the 8Q¥sukamoto 2018)
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Thus,the presence of occluded gas bubbles $dach modelling of the soil as fphase material
represented by the soil skeleton d@imelequivalent pore fluidqubbles+watey, without changng the
effective stressesince the intergranular forckeep unchangefhis is the reason why’S is a low
impact technique, appealing for pegisting structures)To that aim,the compressibility of the
equivalent pore fluidnust be taken into account, maimhfluenced by the gas and concurrently the
degree of saturationndleed, the equivalent compressibility represents the key parameter to deeply
investigate thecyclic mechanical behaviour and, more important, the increase in the liquefaction
resistance of the soih the following sectiorthe results o& wide investigation about the equivalent

compressibilityarereported.

3.1.2EQUIVALENT PORE FLUID COMPRESSIBILITY

As previously reported ifigure3-5, a correlation between Sr andvalue can bessumedThe
change in the Balue is asimpleconsequence of a change in the degree of saturation. In order to
increase the detail leyeh Figure3-6 a similartheoretical relationshig reported (fronTsukamoto,
2018, by assuming the theory of wave propagation through ag@astic mediunfTsukamdao et al.
2002)
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A change in Sleads to a change in B which is connected, in turn, to the compressibility of the

equivalent pore fluidkamata et al(2009)suggest the following equation

g 6p 8 5 _op ¢ pS
y £0 ¢cOep ' 0 Equation3-4
0 O 0 O

Where:

Ca,Cw and G are thecompressibility of pore air, pore water and soil skeleton respectively;

1

1 nis theporosity,

1 Gois theinitial shear modulus;
1

3p is theskeleton Poisson's ratio.

Equation3-4 leads to theelationshipshown in Figure3-6. The pore pressure parameter B has a
sudde decrease as the degree of saturation drops from 100 to 80%. In this rapg®idd 8an be
considered partially saturated and occluded air bubbles are contained within the pore spaces. The
dependence of B on the initial shear modulus is also showigume3-5: the lower is @, the higher

is the pore pressure parameter value to guarantee the same degree of saturation.

Equation3-4 is able to predict, at a certdivalue, the corresponding degree of saturation taking
into account the air compressibility. Actuallit, is possible to define directly an equivalent
compressibility of the homogeneous pore fluid using the following equatesived by Fredlund &
Rahardo, 1993



YO O

Where:

1 S is degree of saturation

1 Cwis the compressibility of the pore water

Y 'OY 0
P o

Equation3-5

1 His the volumetric coefficient of solubility for air in water

1 uais the absolute air pressure.
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Figure 3-7 Correlation between degree of saturation and equivalent fluid compressibility

Equation3-5 is plotted inFigure3-7, for three different absolute air pressures. As it can be noted,

at the same degree of saturation, the higher is the absolute pressure, the lower will be the equivalent

pore fluid compressibtly. In addition,it is possible to study theffect of the gas bubblesigg under

solution, by means of the volumetric solubility coefficidft,Indeed by considering the solubility

of the gas, it can bascertainedhat the presence of géself unde solution can lead to sensitive

changes in the equivalent compressibilggpecially for degree of saturation close to 108%ball

of bubble size.

reductions in degree of saturation below 100% have a major impact in increasing the compressibility

of the porewaterair mixture while, for decreasing Sr, the equivalent compressibility tends to be quite

constantOn the other hand, the derivation does not consider surface tension effects, and so the effect



Schuurman, 196ointed out that the bulk moduluswéter containing air bubblek”aw, can be

given by the following equation:

W .
- Equation3-6
W

W W n T'Yp
W W 0Q w

where

Paois the atmospheric pressure
do and Vho are the diameter and volume of air bubbles at atmospheric pressure
Vw is the volume of water;

Vsis the volume of dissolved ainto the water;

= =/ =4 A4

Vais the volume of air bubbles.
Furthermore)/s andVa can beexpresseads

w Equation3-7

W AN , Equation3-8

whereis possible to note that Vs will be dependamthe volume of water. The water pressure at

a given air pressure can be expressed as follow:

T

: , v v G _
® © T— T— w_ Equation3-9

Q Q
where pwo is the initial water pressur&hus, it is possible to take into account the effects of size
and solubility of air bubblesn the degree of saturation as:
W

Y : :
w w

Equation3-10

Finally, thanks to the framework reported abowds possible to determine the-\Blue of a

partially saturated soil containing air bubbées

P
€5 o Equation3-11
0



The role oftompressibility of the aiwater mixture havalsobeen studied b@kamura and Soga
(2006) Starting by theheoreticalidentification of the volmetric changedue to the pesence of
gas, authors investigated the impact ofttaekpressures at which the bubblespresent, in terms
of cyclic resistance ratio. In detathe volumetric changesaused by a changs in the pore

pressurean be defined as followsespectively for air and water

0

- vh Equation3-12
0 Equation3-13
'§/ﬁ quationo-

In addition, the volumetric change of the equivalent pore fluid, composed by air and water, can be

expressed as:

— Equation3-14

where:

1 Kais the bulk modulus of air;
1 Kwis the bulk modulus of water;

1 Ksis the bulk modulus of the equivalent pore fluid.

In Equation3-14, the termS/Kw can be neglected, sin&g>>K .. Thus, considering soils grains

as uncompressibleandiotd uci ng t he Boyl eds | aw, wviolumetri
N%5) 3 (o] N%5) ,‘Y (o] ) 3 A
o P b o n P b o nf , P P Q Equation3-15

z

in which po is the absolute pressure of the fluid anits void ratio.If ap reackesthe maximum

value equal tofia, thentra,=0,.
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Figure 3-8 Influence of back pressure (hence equivalent pore fluid compressibility) on liquefaction reqiStsareira and
Soga 2006)

Theresultsobtainedoy Okamura and Soga (2006y means of taxial tests on Toyoura saadd
reported inFigure3-8, underline the importance of considering thevaater mixture compressibility
At the same degree of saturation, hence at the same volume of air withinghé@é sov oi ds, t he
of cyclesneeded to reach liquefaction decreaséh increasing back pressuresthe same cyclic
stress ratio is applied’heseresults confirm thateven if the same Sr is achievéde degree of
saturatioraloneis not sufficient to asse the increase in thgdic resistance of the cohesionless soill
ratherit must be taken into account the pressures at which bubblsslgested The higher is the
pressure, the lower willbe h e b u b b | e 6ssstaioparp préssutes risggy decoeasing its
volume hence, the compressibility will be lower.

The framework reportedo farleads to the basiknowledge about the liquefaction phenomena.
The main mechanismigading to soil liquefactiofave been examineals well as the triggering
factors Besidesseveral criteria to ass® liquefaction susceptibility of granular saturated deposits
have beeuliscussed. Once timost recentesearchesultshave been reported, the mgeotechnical
engineering methodologies to face this type of failure have beeenpedsAs it has been shaw
several ground improvement techniques can be adopted to reduce liquefaction risk, depending on the
type of site and sa@l Among them, the induced partial saturation represents an alternative and low
cost solution. Its potentidies in the lowinvasive nature of the applicatidself, since thédormation
of occluded bubblke does not change the effective stres3é®e principal mechanical aspects,
regarding the gas phase distribution as well as the key role of the equivalentflypd
compressibilityhave been discussebhus, to face liquefaction issues using IPS technolpgiesas

necessary tstudyadequatelyhe right way to model theartially saturated soil. To this aim, a brief



subdivision of the two maipossible configurations has been made. The following section will be
dedicatedo different approaches abledbtainpartially saturated conditions. In particular, different
interdsciplinary solutionswill be reported Among themthe present work will be focused on a-bio
chemical approach to induce the partial saturation by means of biological microorganisms, able to

generate gas bubbles through their own metabolism.

3.2INDUCED PARTIAL SATURATION: A MULTIDISCIPLINARY APPROACH

As it has been previously discussed, mitigatiactions such as drainage, densification,
desaturation, as well as ation of plastic fine content, can be implemented to reduce p@ssures
build-up and theefore to increase the liquefaction resistance of granular soils battestatic and
dynamic loads. Even thoughost of the existingnitigation actionscan be reliably designed, thase
guite expensive andften unsuitablein case of urbanizedrea, in which prexisting structureare

present
The main requirements to develop innovative techniques to tackle with the liquefaction risk are:

1 nondisruptive mitigation techniques;
1 large improvement area at low cost;

1 environmentally compatiblenprovement techniques.

For example, rost of the traditional techniquesn causeleformations and/oribrations during
the installation leading to norcompatible interferences witstructures nearbyGallagher etal.
2007) In addition, even itompatible sites are treatdthditional mitigation actionsan be of high

energy consumption araften quite expensivfKhodadadi and Bilsel 2012)

Hence, induced partial saturation by means ofingasive injectionéchnique is appealing as it
leads to an increase in the compressibility of the pore fluid. Hence, pore pressure build up is reduced
and an increase in the soil cyclic resistance is achieved without affecting the structures nearby.
Actually, desaturation cabeinducedeither by lowering the groundwater table or by generating gas
bubbles within the soil poregroshimi et al. 1989) The former is more invasive, and a high
desaturations achieved, the latter is less invasive and/ide rangedegree of saturation can be
obtained depending on the amount of gas bubbles induced within theT$wl present work is
focused on an IPS technique able to generate gas bubbles directly witoil tlueds, allowing to a
discontinuous distribution of the gas phase itself.
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Figure 3-9 Main engineering problems and research trends of liqguefaction mitigation fiteang and Wen 2015)

Indeed, in the last few years increasing attention has been focused on innovative techniques
developedinder a multidisciplinary approach, leading to¢bkaboration between several branches
notstrictly involved in the geotechnical engineering panoraoarently, researchers are focused on
applying recyclable materials and developing liquefaction mitigation methods that can lower carbon
emissiongBaharuddin et al. 2013Yhe research direction is continuously evolving, and the focus is

to achieve lowcost and nofisruptive mitigationTowhata 2008Huang and Wen 2015)

An example of multidisciplinary approach is given by the application of the so called MICP
method (Microbial-InducedCarbonatePrecipitation). The MICP does noehld to the generation of
gas bubblesrather it takes advantage of bacteria metabolisimdace abio-chemical reaction
leading to the formation of carbonate. Thus, at@&hCP does not represent a pure IPS technidue,

shows the potential of collaboratibetweerdifferent disciplines.

The creation of calcium carbondtalcite) cement occurs as a consequence of bacterial metabolic
activity that raises the pH of the proxal environmen{DeJong et al. 2006)l’he main reactios

leading to the formation afalcium carbonate are reported in the follogvin

60  #I1 P #A#E (/ Equation3-16



which represents the overall equilibrium reactiéncthermore, microbiologically induced calcite

precipitation occurs according to the reacti(fRamakrishnan et al. 2001

60 08 /(O #HA#Y (I Equation3-17
60 co& P #A#§ #/ (I Equation3-18

Once the cementation structurasbeen developed thanks to bacteria metaboliganular soils
MICP treated show an increase in their cyclic resistance, due to the precipitatisnbseduent
calcification ofCaCG. The improvementf mechanical behavior can be assessed througtial
undrained tests as well as bender element #ssisn examplerigure3-10showsthe increase, during
time, of Vs velocities(by means of bendelement testgjue to the cementation carried out during a
MICP method application. The increasing ip Wencethe ncr easi ng i n sonl &s

increase in the liquefaction resistance of the soll itself.
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Figure 3-10Increasirg in shear wave velocities after a MICP treatm@wJong et al. 2006)

In addition, Van der Ruyt and van der Zon, 2@68Sted MICP treated soil under unconfined
conditions. Tests results in terms of UCS (uniaxial compressive stremgtteported ifrigure3-11.
It can be pointed out th&lCS strength increases with increasing calcium carbonate content. For
normal applications, the UCS strength required is less than JEGHRa2016) which could be easily
achieved witha calcium content of 100 to 200 kginTo achieve the same UCS strength for sand

using cement grouting, the aomt of cement used would be between 250 to 300%kg/m
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Figure 3-11 Unconfined compression strength (UCS) versus calcium carbonate content relationship for biocement treatt
(after Van der Ruyt and van der Zon, 2009)

On the other handVlICP can lead to the formation afmmonia and ammonium, that need®
removeddue to their environmental incompatibilitgs it will be shown in detain the following
sections, alternative bichemical improvement techniques can be adopted to neglect the formation

of incompatible suiproducts.

Anyway, thisbrief introductionaimsto the underlining the potential of multidisciplinary apprgach
leading to the development of interesting, promising and innovative techniques. Such a collaboration
can cover and solve different issues related to different area of silalying to the dentifications
of innovative technologie®cusing on their effectiveness in ternfggeotechnical results as well as
of low-cost application and, most of all, environmemompatiblity . In the next section, different
multidisciplinary approachewill be presented, focusing on technologies able to induce a patrtial

saturation of the sail

321 INDUCED PARTIAL SATURATION: POSSIBLE MITIGATION
TECHNIQUES

In order to induce the partial sattioga within the soil, several applications have been considered
in the recent research panorarmeed, different techniques have been proposed to induce partial
saturation in sand to mitigate liquefaction hazg&ahrdi 2017) The tested techniqueshich dffer

for physical, chemical or biohemical approaclare mainly:

Drainagerecharge
Air injection;
Water electrolysis

Use of chemicals

= =4 4 4 -

Use of biogas.



3.2.1.1Drainage Recharge

The drainage recharge technique aimgrntrappingair bubbles within the poreby means of
lowering and successively recharg the water table. During the lowering phase, the extraction of
the pore fluid from the voids leads necessdhiyair to replace the pore watat.a later time, ground
water level is supposed to be graduathestablished to the initial value. Hence, recess allow
to the entrapmerdf thepreviously generateair. With this technique, a partially saturated condition
is then achievedn addition, such a technique has been testeddnyyan et al(2007)at laboratory
scale. Authorsnduced the partially saturation by recharging procedure starting by a fully saturated
Ottawa sandspecimen in dlexible liquefaction box ale to inducea simple shear deformation
generated by a shaking talebecitation(hence able to investigate the effectiveness of the tregtment
Once the full saturation has been ensuiteel pore watehas beeslowly drainedfrom the bottom of
the box. Afterwardgthe drained water was reintroducatca slow ratérom the top of the specimen,

as reported ifrigure 3-12.
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Figure 3-12 Induced partial saturation setup foecharge procedurérom Yegian et al. 2007)

After reintroducing all the drained water, a significant amount of water remained above the surface
of the @and specimen indicating entrapment of air during recharge recharge methocdould
represent aeliable technique to induce the partial saturation but, since the lowering of thwl grou
water level (in field scale) is needed necessarily, significant esanghe effective stresses will be
induced henceground level deformationsesulting in a low applicability for urbanized area and/or

pre-existing structures.



3.2.1.2Air Injection

An alternative technique to physically induce the pasadiration is represented by the possibility
of directly injectng anamount of air in a susceptible laysimply by pumping a specific volume of
gas. Actually, the air injection technique findssitoriginal application in the environmental
engineering, wh the aim toreduce pollutions of heavy metal within the soil (thecabled air-
sparging technique).Anyway, several authors have examined the potential applicability of the
technique Okamura et al(2011) pointed out that, ithe effectiveness of air injectiameedsto be
investigated, it is necessary to own solid baaswell as reliable implementation systeableto
predict and asses the airflgyattern and the influence zaonéasuhara et al2008 pointed out that

the zones of influencgepend orsoil type, soil stratifications, and amjection pressure and depth.

The flow of air injected through saturated soils will be initiated where aéspre at the injection
point surpassesi¢ valueenabling air to penetrate pore wat@kamura et al. 2011 other words
to triggerair flow, the injection pressure must ogemea specific pressure, equal to the sum of the
hydrostaticand capillarity pressureshat could arisérom the presence of sei(Marulanda et al.

2000) For a cohesionless materthk injectionpressureouldbe expressed dsllow:

0 a Qg n Equation3-19

Operatively, IPS by means of air injection could be easilyied out by pumping air from the

groundsurface as conceptually shown Figure3-13.

(W Y | N

Gas bubbles ‘ Gas bubbles

Liquefiable soil

Figure 3-13 Conceptual example of air injection applicati@hu 2016)

Flora et al. (2020performed a trial field to test the effectiveness of IR§ means of air injection
T at a true scalén a site located in Pieve di Cento, Emilia Rgma region, in Italy (where
liquefaction occurred in the 2012 earthquake). Innovative well screens were set in place: they are

made of micrepored polyethylene and have been designed to minimize flow resistance by means of



a greater porositycompared toconventional onesuni f or ml'y di stri buted a
length. The pipes were installed by means of a Directional Drilling Technique BB0r¢3-14).

Figure 3-14 Directional drilling equipmentFlora et al. 2020)

Authors additionally pointed out that, by using such an installation technique, the disturbance on

a possible overlying structure is heavily minimized, as reportégjure3-15.

Figure 3-15 IPS air injection application by means of directional drilling installatiora et al. 2020)

Thus, the air injection technique represents an appealing ground improvement action, since it can
be suitable for existing structuréghanks to the limited installatiadisturbancé and lowcost. On
the other hand, the distribution of gas bubbles introduced by pumping will not be uniform for all the
treated area. Furthermore, the gas pumped into the ground tends to aggregate in gas pockets rathe

than producing individddbubbles. As a result, the gas tehal escape from the ground.

3.2.1.3Water Electrolysis

Another technology that can be used for liquefaction mitigation is represented by water
electrolysis This technique is largely uséat the enhancement of in sitemediation of contaminated
soils (Acar and Alshawabkeh 1993A\ctually, since the water electrolysis process leads to the

formation of gas, it has been recerdljopted to face liquefaction risk or, at leésthe investigated



in laboratory testsPractically, electrolysis consists in the ionization of hydrogen and oxygen gases

when a electricalcurrent isinducedwithin the watetby using electrodes.

As reported byYegian et al(2007) electrolysis was selected as an efficient application to induce
partial saturation since it introduces gas into thé goies without application of any pressure.
Oxygen and hydrogen are produced by water electrolysis, respectively at the anode and cathode,

following the ensuing chemical reactions:

TO0 1Q © 100 ¢O (cathode) Equation3-20

¢O0 1TQ O 1O 0 (anode) Equation3-21

It is conceptuallymportant to underline that, siné& is produced by the electrolysis process, it
must be lower tan critical quantitiesseeing as howydrogenis considered the most unstable-gas
with respect to safety explosion hazartius, gases produced by electrolysis should be enough to
ensure theéarget increment in the liquefaction resistance and, concurrehdly mustbe lower than
specific quantities with respect to safety hazard isst@sever,authors pointed out that electrolysis
producedvariation in the degree of saturation high enougrsitmificantly increase the cyclic

resistance, without eredng critical quantities.

Desaturationdsts on initially saturatespecimensperformed in a shaking table equipped with
electrodesallowed the authors tetermine the level of current and lemgf time needed to generate
an appreciable amount of gas. The process of electrolysis was maintained until hydrogen bubbles
were generated at the cathode and migrated through the soil specimen toward th¥ egiadect
al. 2007) In addition, visual inspection and probing confirmed that the progassable to reduce
the average degree of saturation of the specik@wever, water electhgsis methodcheeds a current
to be appkd to the soil, resulting in a probably higlest application of the technique itself.
Moreover the current application leads to a remform distribution of the gas bubbles within the
sand specimens, as pointed by EsellerBayat et al(2013)

3.2.1.4Use of Chemicals: Sodium Perborate
An alternative approach to achieve partially saturated conditions ligseirerhployment of
chemical compounds able to generate gas bubbtethis aim as reported b¥sellerBayat et al.

(2013) sodium perborate monohydrgtéaBQsAd.0) can be used to reduce the degree of saturation.



This chemical compound, alémown asPBS1, is able to generate oxygémilowing the chemical
reactionwith water

¢ OO JOO OO o0 ¢ob ¢c0d 1O Equation3-22

¢O0 ©¢O ¥ Equation3-23

Under a chemical point of view, sodium perborate monohydrate reacts with water and generates
hydrogen peroxideH>0-), which is a ready source of oxygen gas. Hence, thanks to chemical reaction
reported inEquation3-23, Oz gas is formed, and partially saturated cowndisi can be achieved.
Operatively, authors carried out a wet pluviatafndry sand4#PBS1 to set up partially saturated
samplesAfter the preparation, high-resolutioncamera was used @ssesshe uniformity of the
desaturation process. As showrFigure3-16, the use of sodium perborate monohydrates can lead

to evendistribution of gas bubbles within the soil voids as well as to a degree citgatalso lower

than 80%.
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Figure 3-16 High resolution frame of a sand specimen desaturated by means of sodium peibsstigzbayat et al. 2013)

In conclusion, sodium perborate monohydrate candssl to achieve degree of saturation also
lower than 80%, ensuring a good distribution terms of uniformity of the oxygen generated
bubbles. On the other hand, the us®Bf 1 in real scale mitigation actions could be difficult, due

to its very fastreactionwith water, resulting in dow applicability of the process itself.



3.3 USE OF BIOGAS

Under a biological point of view, soil represents an ecosysidmare are typically 40 million
bacterial cells in a gram of soil and a million bacterial cells milliliter of fresh watefWu 2015)
Thus,if a differentprospective is assumeskil can be seen as a complex living system, allowing
microorganisms to carry out a wide range of simultaneous progg&ssésng et al. 2011 Actually,
most of thecombined biegeotechnical ground improvement methods start by scaliagsic
environmental application to civil engineering issueBhe increasing knowledge about
mi cr o o r gneatabblisnm @s well athe processes they are able to carry leads to tk

opportunityof adapting biological processes as alternative and innovative real scale applications.

3.3.1 BIOLOGICAL FRAMEWORK

Since microorganism natural activities deégo an important amount of produced gas a
worldwide scaleit is reasonable take advantage apecific biechemical reactions face specific
geotechnical issues, such as liquefaction phenoniedeed, if a desaturation of the soil is needed,

several microorganisiskills can beexploitedto generata gas phase within the liquefiable layers

Microorganisms can be grouped in three different categ@iesaeafungi and bacterigungi
are eukarg and hence more closely related to plants and animals than to bacteria or archaea. Like all
eukarya, including humans, fungal cells contain membbanmd nuclei with chromosomes that
contain DNA On the other hand, bacteria and archaea are the smadlependently living, single
celled organisms on earth. Typi Aslabieceed.P043)r ang
All such microorganismsare key plagrs in the turnover of soil organic carb@QQ in the large
carbon storage@veit et al. 2015)

Thus,their metabolisms can lead to the formation of several gases, depending on the type of bio
chemical reaction involved in the process. The main gases prodycedicroorganism are

represented by:

Carbon dioxideCOy;
Carbon monoxideCG;
Nitrogen,Nz;
Methane CHj;

= =4 4 4 -

Nitrous oxide N2O,


https://en.wikipedia.org/wiki/Nitrous_oxide

Each of the gases mentioned above are produced by both bacteria and degeeting on the
type ofsourcesavailable in the soil as well as the typleenvironment in which microorganism are
presentA typical profile of the soil anchi ¢ r o labitatis sh@wn inFigure3-17.
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Figure 3-17 Typical soil profile showing horizons and microbial habitésslabie et al. 2013)

If one of these gases would to be used to induce a partial saturation, definition of¢herhioal
reactions involved is needed first. To this aimkigure3-18the carbon cycle is shown. It is possible
to note as, thanks to microbial activity, b@hls andCO; are produced. Actually, their production is
linked in turn, as shown ifrigure 3-19. Under strictly anaerobic conditionmethanogens a
particular type of microorganisms, belonging to archiaean use the available hydrogen to reduce
dioxide carbonCQO, and produce methane g&Hs. When methane gas rises in the shallower soil
layers it can be oxidized hyethanotrophsthat are microorganisms consisting mainly of bacteria.
As resultsCO, is produced. However, botbHs andCO; are not suitable to be wbéor IPS, since
they have high environmental impact. Indeed, both gases are among the main ingpeetirtgpuse
gaseqGHG), absorling andemitting radiant energyvithin thethermal infraredange. In addition,
especially dioxide carbon shew high solubility in water. As result, €0O; is supposed to be the
generated gas from a IPS mitigatiaction, an important amount GO, would be under solution,

leading to a lower amount tie sameCO, under occluded gas bubbles conditions.
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On the contrary, nitrogen gds could be an appealing gas to be used inducing the partial
saturation. Its properties, under both chemical and environmental perspectives, are highly suitable as
will be underlined in the following. Nitrogen gas is essential for all organisms, sincessestial
element in protein and nucleic acidsslabie et al. 2013)Therefore, microbes play a key role in the
nitrogen cycle, as reported kigure3-20. The biechemical reactions involved in the nitrogen cycle

are different, and many of them can be carried out only if specific lineages of microorganisms are

present.
Mitrification
MH,
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Anammox fixation
v
MH,* NH;OH M,
w L 4
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Figure 3-20 Main bio-chemical reactions carried out by microorganisms in the nitrogen ¢pétabie et al. 2013)
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The reactions reported above are often carried out in a simultaneous way, and the chemical
tendency to follow majorly a process rather than others depends strictly by several factors such as
enzymes owned by patilar microorganisms. ActualhAislabie et al.(2013 pointed out that

fisome steps in the nitrogen cycle are mediated by few microbial groups (e.g. nitrogen fixation or
nitrification) and are referred to as narrow processes, whereas others are mediatedny

groups (e.g. DIRA) and are considered broad processes. The release of ammonium from soil
organic matter during decomposition is known as ammonification. Only bacteria and archaea
carry out biological nitrogenfixation (M xation), thereduction of atmospheric nitrogen gas to
ammonium. Nixation is the only natural process through which new N enters the biosphere, so it
is critically important for ecosystem function-fiXation is catalysed by the enzyme nitrogenase.
This enzyme is exdmely sensitive to oxygen, requiring a low oxygen environment for activity. The
ammonium produced through-fNxation is assimilated into amino acids and subsequently
pol ymer i s ed Overali denitfification ie a nmcsobial respiratory processidg which

soluble nitrogen oxides are used as an alternative electron acceptor when oxygen is limiting. It
consists of the sequential reduction of nitr&&{), nitrite (NO,') and nitric oxide KO) to the
greenhouse gas nitrous oxidé&{O) or benign itrogen gas N2). It occurs predominantly in
waterlogged areas that have become anaerobic. Complete denitrificatiNp) (8 the major
biologicalmechanism by which fixeN returns to the atmosphere from soil and water, completing

the nitrogen cycle (Alabie et al. 2013).

Thus, the identification of several processes leading to the formatigals could represent an
appealing and possible IPS mothodology, since the nitrogen gas owns the following several
advantages:

9 itis chemically inert, hence nimtvolved in possible subiochemical processes;
9 itis environmentally compatible;

9 itis of low solubility in water.

Certainly, with respect to practical applications, the process should be engineered in order to avoid

or, at least, minimizas muchas possible intermediate products which can undermine its application.

The goal that needs to be achieved is that of getima bielPS process, mainly by means of

denitrification phenomenon, optimizing tNe formation. To that aim, a focus on the chemical paths

is needed, trying to define the key factors leading to a high efficiengyBionitigation technique.

3.3.2BACTERIAL DENITRIFICATION AS A PROCESS DRIVING IPS

Nitrogen gas is formed in the subsurface when denitrifying microorganisms are provided with a

solution containing nitrate and dissolved organic matter. This process may be referred to as



dissimilatory reductin of nitrate, or denitrification(Van Paassen et al. 2018penerally,
denitrification is a biological anoxic process where nitrates are reduced to nitrogen gas by the

following reaction:

00 wwt 00wy 00 wuwy 0 0wy O

Equation3-24

This processnight not lead to a 100% efficiency of thé> generation. In factN.O might be
produced anyway, and its amount depends on several factor such as: the presence of specific genes
encoding the required enzymes in the bacterial species involved in the pRebatalLanda and
Santamarina 2012}he ratioC/N (Chung and Chung 20Q0the soil acidity and aeration, the soll
texture and nutrient stat(®hns et al. 2004and the soil moistur@avidson et al. 1993)n addition,
to promote the efficient and full reduction of nitrate to nitrogen gas, selecting the right substrate
composition is essential (O6Donnel | 2016, P h
accumulation of irdrmediate compounds, while leaving a large excess of organic substrate would be

inefficient (Van Paassen et al. 2018)

However, several reactions can be suitable tdNthgas production, as reported by the following

equdions:
VOO0 O OV © ol VOO XOU @O Equation3-25
VOO0 0 pOL O @b p1dWbd WOO pgO Equation3-26
VOO0 W o 910 pma0 OO0 pa©O Equation3-27

Electron donors are almost all organic compoundsthe examples reported abovgiogas
productionind e ni t r i réactiorsd ach@eved tsusing methanol, Banol, or sodium acetate as
electron donorsBesides, inFigure 3-21 the N-cycleis reported in order to frame conceptually the
process identified by the mentioned reactions.
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Figure 3-21 Nitrogen cycle 1=assimilatory nitrate reduction, 2=nitrogen immobilization into organic nitrogen,
3=ammonification, 4=nitrification, 5=denitrification, 6=nitrogen fixatioffrom Bachofen 1991

Actually, bio-chemical processes involved in the 4iRS do notfollow pure denitrification
reaction, rather severphrallel paths are carriemh. Indeed, as pointed out RebataLanda and
Santamaring2012, beyond the denitrificatignan ammonification process is ofteleveloped
depenihg on specific enzymesatalysinga battery of reactiong hus,the main processes resulting

in the decomposition of theOz” can begrouped as shown fRigure3-22.

Ammonification

nitrite reductase N
s [N0;] —— [N — [0l —
nitrite nitric oxide nitrous

reductase
reductase reductase oxide
reductase

Respiratory denitrification

Figure 3-22 Reduction of nitrites and nitrat¢RebatalLanda and Santamarina 2012)

By the ammonification process, ion ammonilNiis*, is producedSuch ion has to be minimized
asmuchas possiblesince itdimit concentration isestrictedoy local codeshowever this issuewill
beanalysed and discusskder. Even s the main biological processes leading to the nucleation of



occluded gas bubbleby means of denitrificationespiratorymainly- have been discussed under a
strictly bio-chemical point of view. Once the reiacts involved have beerstudied and assessed,
remarksaboutdynamic of bubbles nucleation could be usefudleeply understand the whole process

leading to the application of the bIBS technique.

Generally speakingprior to the presence of N (or others)under occluded gas bubble
configuration biogenic gasego under solution within the pore fluid: a speciflreshold of
superstaturation exists, at whitte increase in the biogenic gasults in the nucleation of the bubble
(Ronen et al. 1989)n addition, as poited out byHemmingsern(1977)andLubetkin (2003) three
different processes can lead to the spontaneous formatgas dubblesregpectively:

1 depressurization to a vapor pressure below that of the pure liquid;

1 temperature increase until the vapor becomes more stable than the pure liquid;

i dissolution of gas from a supersaturated liquid when the supersaturation exceeds certain
threshold values

Indeed, with regards to thiatter, the supersaturation can be defined(BgbataLanda and

Santamarina 2012)

w Equation3-28
” (':) p

where

1 cgenis the gas concentration in the fluid
1 ceq is the gas concentration soluble in the liquid under the prevailing experimental

conditions

The nucleation of the gas bubldehus strongly depeedton the supersaturation threshwildich
is, in turn, a function omolecular interactions between the gas and the fluid. Theoretisati, a
threshold should be constant, in fact heterogeneous bubble nucleation at substantially lower
supersaturations are reached because of the presemseeral surface¢Blander and Katz 1975)
(Gerth and Hemmingsen 1980@) orderto make bubble forprsupersaturation has to be reached. At
this pant, the pressure in thiquid tends to equalize #t of thegas Obviously as previously
discussed, theoncentration in the gas under solutioninged with the pressure of the gas by the
He nr y OEguatioa3w), throught he Henr yhigs constant

On the other hand, once the bubble nucleates, a critical radius of the bubble itself wilhexist

particular, bubbles showing a radius lower than the criticalwifigend to go under solution again.



On the contrary, bubbles will be stable or tend to coalesce in greateStarting by this assumption,

Lubetkin (2003)poi nt ed out t hat, whhenoeEqdaion8-38a& salidi thev i s
critical radius can be expressed as follows (reponteghgcally inFigure3-23):
Y Equation3-29

69
where

T Gis the supersaturation;
1 uis the nucleation pressure (the pressure at whibble nucleates);

1 Tsis the surface tension @072 N/m for water at 20°C).
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Figure 3-23 Critical radius for a N nucleated bubbleHguation3-29)

Table3-1 Measured values of supersaturation needed to cause bubble nucleation in aqueous s@itetiobgbetkin 2003)

Gas Measured supersaturation needed
Carbon diaide, CO, 4.6220
HydrogenH> 80-90
Nitrogen,N2 19-140
Methane CHs 80

In Table3-1 supersaturation neededdause nucleatiois reported. Note thaupersaturation for
N2 gas is higher than that for tk#0,. On the other hand, carbon dioxide presents a higher solubility
in water than that of the nitrogen gas. For this reaNpis still the most suitable gas to induce the

partial saturation, as well asstof null or low environmental impact and chemicatigrt.



Although denitrification is the main reaction producg it is not the only path through which
nitrates are reduced. pseviously introduced, parallel pathnamed ammonificatiorthrough which
ammoniumNH4" is produced, is involved in the bahemical procesgs already shown iRigure
3-22). The ammonia production leads to another type of biochemicailskeo reduce thidH4* ion

into N2> by means of the anammox reaction (AneAimmoniaOxidation) as follovs:

00 C 000 00O Equation3-30

Accordingly, the amount of nitrogen gas bubbles produced is carried out by the denitrification and
concurrently by the anammox: the former is the main process and a higher quasitis/mduced;
the latter leads to a lower production of nitrogen geaisad the same time allows to the ion ammonium
reduction. FinallyFigure3-24 shows schematically the different biochemical paths involved in the
produdion of nitrogen gas bubbles, by summarizing the whole processes discussed previously.

AMMONIFICATION
l NH,* [«=NO,; <—NO; | NO,
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Figure 3-24 Biochemical paths involved in the nucleation process

As it will be discussed in the experimental sectibis pivotal to considethe entire processes
involved in the bielPS techniqueThe ammonium is not desired product to blermed but, on the
other hand, it will represent tansientsubproduct fromwhich an additional amount o> is
produced. Obviously, the steady state conditions have to ensure that the podsendesired
chemical compoundsiothing butN>- must be bounded in specific limits, in order for the-I5i&

technique to bapplicable in real scale filed mitigation actions.

In the nextsectionsthe experimental program is reported. First, microbiological experimental
setup is show, starting by the isolation of bacteria. Successively, the preliminary tests are described.

Suchtestswere carried out in order to ensure the bacteria capability to nucleate nitrogen gas bubbles.



Once a solid microbiological framework has been achieved, geotechnical desaturation tests have been
performed, as later discussed. Finally, thediiemicé analyses on transient chemical compounds
are reported, aimed at ensuring the environmental compatibility of tHe®iprocess.



4 CHAPTER 4

4.1BIO-CHEMICAL EXPERIMENTAL INVESTIGATION: INTRODUCTION

In order to set up a biohemical solution able tmduce the partial saturation within the soil, a
preliminary biological investigation is needed. The availability of microorgasédite to carry out
denitrification processes is thus unavoidable to define and develop a relialShechnique. First
of all, isolation of denitrification bacteria is needed certainly, in order to evaluate the possibility of
bacteria themselves to reduce nitrates. Bact e
starting by a sludge treatment plant sample, framch asignificative number of microorganisms
can be pulled out. Progressively, thanks to a microbiological identification approach, a limited
number of bacteria lineages could be identified and isolated, in order to consequently proceed to
specifictes abl e to assess qualitatively the bacter
generate gas bubbles as final product of their own metabolism. In addition, several tests have been
performed in order to assess the rate of nitrates reducad.easlt of the denitrification metabolic
processes. Furthermore, several analyses on the generated gas composition have been carried ou
aiming to check that nitrogen gas was the main product of the process.

In the following sections the results of thie-chemical experimental programme will be reported.
The goal is to own the main basis instrumeuntsler a strictly biochemical point of viewmeeded to
power up the geotechnical experimentaliggt resulting in the assessment of the desaturation

potertial of the bicIPS technique, by means of specific lineages previously identified and tested.

4.2 MICROORGANISMS ISOLATION FROM SLUDGE TREATMENT PLANT

In order to preliminary isolate a wide range of microorganisms, a sludge sample was taken from a
civil and industrial wastewater treatment plant and the culture meBiate Count Agar (PCA
Oxoid) was usedt the Department of Biology of the University id&poli Federico llin order to
grow different microorgani s ms 0 glicoseanadygastsextrach u ¢ h
used for the total bacterial count in food microbiology (e.g. in milk, meat, meat products and other

foods) and for environmeaitanalyses. It is also used in pharmacy and cosmetic industry.

Considering the characteristio$ the typical organisms of some process phases of wastewater

purification plants, the sample was subjected to enrichment in liquid medium

In this work a tydcal composition of the culture mediwvas used, constituted by (for 1 liter of

culture medium):

1 Tryptone 5,0g
1 Yeastextract2,5 g



1 Glucosel,0g
1 BacteriologicalAgar. 12,0 g

The nutrients provided by tryptone, the vitamins contained irydlast extract and the energy

source represented by glucose support the growth of most bacteria.

Subsequently the plates were incubated in aerobiosis, anaerobiosis and microaerophilia conditions
at 30 £ 1 ° C. In particular, for the matrix isolation 10 geéhbeen diluted with 90 mL of 0.9% NacCl
solution. After having adequately homogenized the sample, decimal dilutions were performed at
different concentrations and subsequent surface sowing in accordance with ISO 7218: 2007 / Amd.1.:
2013 (E). The surface sding techniqueor spatula methoednvolves the use of a sterile pipette to
transfer a small quantity (generally 100 pL) of the liquid sample or initial suspension onto the
previously prepared agar plate. The maximum PCA medium was used in the triaktiogult is
necessary to repeat the inoculation for the subsequent decimal dilutions (where the colonies to be
counted will be related to the relative dilution factor). Using a sterile plastic spatula, the inoculum is
distributed as quickly as possibledaevenly on the agar surface without touching the side walls of
the Petri dish, then the sample is completely absorbed for about 15 mirmo@s sgmperature. The
spatula seeding technique allows to produce superficial colonies on agar plates wibrabfesi
advantages compared to the deep seeding method: the morphology of the colonies is easily observable
and distinguishablefurthermore, the microorganisms not exposed to the heat of the molten agar

medium were sent to obtain higher counts.

After incubating the plates in aerophilic, microaerophilic and anaerobic conditions at 30 +1 ° C
for 24h, the resulting colonies were selected on morphological divéseaynple inFigure4-1) and

then subculturedvith the smear seeding method.
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Figure 4-1 Example of optical subdivision of bacteria lineages

Thistechnique involves the use of a sterile loop and Petri dishes with previously agarized medium
(also in this case PCA) on the surface of which, by making parallel Jhssuperimposeda
progressive decrease in the density of the inoculum is promotéuhtsalong the edges of the last
smears develop isolated colonies. This allows to isolate single colonies from others and to consider

each single colony as "pure", as theoretically deriving from a single cell.

Thus, by appling the abovementionedtechngue, a high number of several microorganisms
(about 183)ave been isolated, as shownFigure 4-2. At this point, taking advantage of optical
preliminary identificationa first subdivision of microorganisms themselves have been performed, as

shown in Figure4-3.
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Figure 4-2 Culture of microorganisms isolated from a sludggtment plantunder aerophilia, microaerophilia and
anaerobiosizonditionsat30 +1 ° C

Figure 4-3 Colonies rorphological distinction after surface seeding on Relishes

After the preliminarydistinction of mi ¢ r o o r direeagessameeper analysis on bacteria
metabolism$as beerarried out.

43 NITRATES TO AMMONIA TESTS REDUCTION
The first test conducted is aimed to the spectrophotometric determination of ammonia using

Nessler's reagevhich is an alkaline compound becomutgeper yellow in presence of ammonia)



according to the APAT IRSANR method. In 24vell multiwells, 2.5 mL of the same concentration

of the isolated bacteria (ACFU / mL), innitratebroth were added with 18Q of Nessler's reagent.
Generally, the Nessi reagent allows the qualitative and quantitative recognition of ammonia, more
precisely if it is present as an ammonium ion in agueous solution. It consists of an alkaline solution

of potassium tetraioduromercurate, which in the presence of ammonidtgvieiowing reaction:

¢ O™ O ¢h'O° ¢cH'OOW ¢u O Equation4-1
¢0'O0OWO H'OOW (00 Equation4-2

developing an intensgellow-orange color, due to the iodide of oxamidodimercury which, over
time, in case of a sufficiently high concentration, flocculates and precipitates. It is a very sensitive
reaction, which allows to detect the presence of ammonia even at concenthtimsrder of 0.1
mg /| (0.1 ppm) and the absorbance of the colored complex is measured at the wavelength of 420
nm. In order to examine the metabolism of the selected bacteria, the broth solution have been set up

by mixing:

1 NacCi|,

1 KNOgs, necessary to activate bacteria metabolism, as source of nit@tésining two of
the most important elements for the growth and sustenance of flora and microfauna:
potassium and nitrogen;

1 Tryptone, which is gancreatic digestion product of casein. Tpistein hydrolyzate,
particularly rich in amino acids and peptides. It is used for the preparation of culture media
for microbiology and as a nutrient source in the production of antibiotics, toxins, enzymes

and other biological products.

Thus, the testdr reducing nitrates to ammonia, in a broth with minimal nourishment and rich in
potassium nitrate, was carried out in order to select the microorganisms with metabolism able to
successively reduce nitrates to nitrogen, by adding the aheméioned Nessis reagent. This
addition in equal quantities (100.) to the same concentration of the isolated bacteri& YRT /

mL), allowed to carry out an evaluation based on the colorimetric variation. The microorganisms
present in the wells in which there was@our change tending to orange brown were selected
(starting by the initial 80 subcultures, 15 of them were selected). Colorimetric tests results are reported

in Figure4-4.



Once a first analysis has been performed, and the bacteria capability to form anamariasult
of nitrate reductionhas been ensured, additional tests on the Wpigas bubbles nucleation have

been carried out.

Figure 4-4 Nitrate reduction to ammonia tests

44 BUBBLES NUCLEATION TESTS - FROM NITRATES TO NITROGEN GAS N »

Once several bacteria lineages have lsedected, the test was prepared to check the reduction of
nitrates to molecular nitrogenly), in a broth rich in potassium nitrate, taking advantage of Durham
tubes Figure 4-5). The method was first reported in 1898 by the British microbiologist Herbert
Durham. These tubes are smaller test tubes inserted upside down in a larger test tube. Initially, the
small tube $ immersed in the solution in which the microorganisms growitandilled with it; if
any gas is produced after inoculation and incubation, the nucleated gas bubbles will be visibly trapped
inside the bell itself. During the tests, the nitrate brothinasulated insid® u r h duied with the
bacterial culture under examination and incubated at the optimal growth temperatuf® day2
After the incubation period, the ability of the microorganisms to reduce the nitrate ion is verified by
evaluatingthe state of reduction achieved, by analyzing the presence of gas in the Durham tube for

the formation of molecular nitrogen.
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Lately, an evaluation of the productionmicrobubbles with known concentrations of the isolated
microorganisms was carried out. Starting from initial inoculations obtained by diluting the samples
in nitrate broth with a sterile 10 pL inoculation loop, after appropriate decimal dilutions and
verification of the optical density with the spectrophotometer, it was possible to obtain bacterial
cultures at different concentrations (12x10, 1 UFC / mL) combined at different concentrations
of potassium nitrate (1, 4, and 40 g/L). Actually, the files$t was carried out at unknown
concentrations of the microorganisms to verifyirtlagility to reduce the nitrate ion by evaluating the
state of reduction achieved, in particular analyzing the presence of gaDiutheh dulvedfer the

formation of moécular nitrogenKigure4-6).

Figure4-6N2nucl eat i on t tabes(asunknown Baaterin comeénation)



Successively, tests at precise and different concentrations have been carried out, as showed in

Figure4-7.

Figure4-7N2nucl eat i on t teked(asspecific baxieria bonaardration)

These tests confirm the capability of bacteria metabolism to reduce nitrates. Bubbles nucleation is
strongly developed, but the amount of produced gas is not quantified yet at this stage. In fact, all these
preliminary tests aim to ensure the bacteriagesy to produce nitrogen gas bubbles as final product
of their own metabolism. In additioa, qualitative approaci has been necessary first, because of
the high number of microorganisms that have been isolated from the sludge sample. Once the main
bacteia lineages have beenselecietd hanks t o t he | aBigure®/yiraifisamé s t
check on the bacteria metabolisnsbaen carried out, byitroducing the soil matrix. In particular,

a liquefiable silty sand has been gently and poorly pluviated witieitubes, in order to verify the
capability of the selected bacteria to reduce nitratasd consequently nucledte bubblesi even
in presence of soil particleSuch soili and its characteristidswill be reported in 85.2, being one
of the testednateriat for the geotechnical experimentatidn.Figure4-8, check tests by usiniye
silty sand are shown.

&

Figure 4-8 Check tests on bacteria metabolisma liquefiable silty sand



Tests show that depending on the specific bacteria linedgeand grains are dislocated as a
consequence of bubbles nucleation, since no confinement was imposed at the sample. Thus, a
gualitative distinction on the amount of produced gas, as a fundtaiffevent bacteria metabolism,
has been performed, as reported able4-1. On this basis, bacteria lineages have been selected to

be subjected to molecular characterization, as shown in the next section.

Table4-1 Qualitative assessment diilibles production

Sample ID Code Bubbles Production
01 ++++
02 +++
03 ++
04 +++
05 ++++
06 +++++
07 ++++
08 +++
09 +++
10 +++
11 +++
12 ++++

45 MOLECULAR BACTERIA CHARACTERIZATION

In the present section a brief ahdsic framework regarding the molecular characterization is
reportedevidencinghe main general steps needgd well asthe tests reported above, the molecular
characterizationhas been carried out thanks to the collaboration with kladoratory ofthe
Department of BiologyThus, he mainsteps needed to the characterization are:

1. Bacteria DNA extraction;

2. PCR(Polymerasehain reactioj
3. Agarose gel electrophoresis
4

. Sequencing

1. Within themolecular approach, the first stepnsists irthe extraction of bacterial DNA in

adequate quantities and with a high degree of pdityneans of methods developed in



research laboratories or commercial kit®em low quantities of sampl€0.2 -5 mg) in

both optimum quantity and qualityfor subsegent amplification reactions in vitro using

the Polymerase Chain Reaction (PCR) technitfuparticular, the extraction was carried

out by heat treatmenA colony was taken from the platontaining the pure culturand
dilutedwi t h 7 0 ¢ L wateffin awsterile ”2@0pLbppeadorfpipette(Figure 4-9).

The centrifugations carried out at 8000 rpm for 5 minutes at 4 ai@ithe supernatant

was recovered. The DNA present in the aqueous phase, transferred into vials, was used for

Polymerasé&hain Reaction

Figure 4-9 Eppendorf pipette

. The Polymerase Chain Reaction is a technique that automates the DNA duplication
process, through which multiple copies of a DNA sequence cabth&ed in vitro. This
technique was invented by the American biochemist Kary Muli§983.PCR consists

in 3 steps, that are briefly reported below

Step 1: Denaturation

As in DNA replication, the two strands in the DNduble helixneed to beseparatedlhe
separation happens by raising the temperature of the mixture, causimnygitbgen bonds

between theomplementary DNAstrands to break. This process is catledaturation.
1 Step 2: Annealing

Primers bind to the target DNA sequences anateripolymerisation. This can only occur

once the temperature of the solution has been loweredpi@ner binds to each strand.
1 Step 3: Extension

New strands of DNA are made using the original strands as templates. A DNA polymerase

enzyme joins free DNA ucleotides together. This enzyme is often Tag polymerase, an



enzyme originally isolated from thermophilic bacteriuntalledthermus aquaticus. The
orderin which the free nucleotides are added is determined by the sequence of nucleotides
in the original femplate) DNA strandThe result of one cycle of PCR is two double
stranded sequences of target DNA, each containing one newly made strand and one original

strand

These three stepsecessary for the PCR to be carried out, are conceptually shéigune
4-10.
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Figure 4-10 Polymerase Chain Reaction Processes

3. Electrophoresis on agarose gel consists of the differentiated migration in an electric field
of electrically charged molecules. Electrophoresis is conducted on an inert and
homogeneous support (gel or matrix), the sample is dissolved in a suitablerbwtiezh
any support is saturated in order to allow the conduction of the current. The matrix in
guestion used is Agar: a néoxic mixture obtained from red algae, of two polymers
derived from galactose, namely agarose and agaropectin. The 1.5% agaresss gel
prepared with a saline buffer called TAE buffer. The agarose concentration determines the
fibrous structure of the gel and therefore the migration of the sample. After mixing agarose
and TAE buffer under heat, ethidium bromide was added, intercaldiedpases and
responsible for the emission of UV fluorescence. In the wells 4uL of the amplified were
loaded together with 1uL of BBF (bromophenol blue). In the first well, 100bp DNA ladder
was added as a reference. To highlight a visible result, theogkoretic run is performed
for 25-30 minutes at 70V. The visualization of the bands inside the agarose gel, exposed
to a UV transilluminator (590 nm) will indicate the effectiveness of the amplification

(Figure4-11).



Figure 4-11 Visualization of the bands inside the agarose gel, exposed to a UV transilluminator

4. DNA sequencings theprocess of determining tmcleic acid sequendethe order of
nucleotides in DNA. It includes any method or technology that is used to determine the
order of the four bases: adenine, guanine, cytosine, and thyimitine present workan
external corpation carried out the sequencing of the DNA samplé®e sequencing
method used is that of Sanger or enzymatic sequencing. The sequence provided in the form
of an Electronferogram was converted into FASTA format and identified by means of the
bioinformatics software Blast (Basic Local Alignment Search Tool), evaluating the results

according to the alignment with the database of sequences already préseptogram

Afterwards, samples of interests were finadlgntified.

Thanks to the specific procedsperformedduring thebio-experimentaprogram three different
bacteria lineages have been selectddrtberdevelopthelPS technique by meanshib-gas bubbles

nucleation.Indeed, after the molecular characterizatiemery type of the labovemertioned

isolated microorganisms have bedraracterized, as reportediiable4-2.

Table4-2 Final characterization of isolated microorganisms

Sample ID Code

Bubbles Production

Identified Microorganisms

01
03
05
06
07
09
10
12

++++

++

++++

+++++

++++

+++

+++

++++

Aeromonas caviagtrain HAMBI 1972
P3
P2
Aeromonas caviagtrain HAMBI 1972
Aeromonas caviagtrain HAMBI 1972
P1
P1
P1




Thus, thanks to the molecular characterizatibve nucleation testsas well as the chemical
reduction testdjve differentkind of bacteriahave been selected to speed up thelB® technique
as a liquefaction mitigation actiprespectivelynamedP1, P2 andP3in Table4-2. All the bacteria
belong toPseudomonaspecies, which i®snethe most welknown kind ofdenitrifying bacteria.
Obviously, the selected miarmganisns have been tested in order to ensure theirpathogenic
nature,thus being appealing to be used in the civil engineer panossehally, the finalgroup of
bacteria that will be used in all the further tests have besricted beyond, resulting in the three
lineages reported iMable 4-3- such dstinction ha been peiormedon the basis of the amount of

produced gas, as previously discussed.

Table4-3 Final selection of bacterigo be applied in the bitPS experimertion

Sample ID Code Bubbles Production Identified Microorganisms

03 ++ P3
05 -+ P2
12 o P1

Once biological assessments have been performed and suitable bacteria have been isolated anc
detected, it has been necessary to investigat e
point of view. To that aim, several analyses have beenrpstbat the Laboratory of Analysis and
Environmental Research of the Department of Civil, Architectural and Environmental Engineering
(DICEA), of the University of Napoli Federico Il. Such tests, necessary feutteessivapplication
in the field, are cussed in the following section.

4.6 ENVIRONMENTAL ANALYSES

In order to preliminary asses the environmental compatibility of the metabolic products of
bacteri® s a ¢ devenalietvijonmental analyses have been performed. In particular, two main
aspects have to bmeticulously evaluated, in order tuarantee a safe bIBS mitigation action

which are:

1 Nitrates concentrations at the end of gas bubbles nucleation phesesto be compatible
with limit-values imposed bialiancodegD.Lgs. 111999, n. 152D.Lgs.02/2001 n. 31
D.Lgs 02/2016 n.)®

1 Gas composition of the nucleated bubbifes to be evaluated in order to ensure the

formation ofmolecular nitrogen gas|..

To those aim$wo different tests have been carried out, respectively



1 lon exchange chromatography, for the analyses of initial and final nitnaties bic

chemical solution;

1 Gas chromatographic analydist the assessment of the generated gas.

Briefly, ion-exchange chromatography (or lon chromatography) separates ions and polar
molecules based on their affinity to the ion exchanger. It works on almost any kind of charged
molecule including large proteins, small nucleotides, and amino acidsksItarsuch type of
analyses it is possible to evaluate the concentration of the desireuitrates in order to further
investigate the efficiency of bacteria metabolism. Indeed, if the initial concentration is well known
thanks to the controlled setwf the chemical$ the final concentration of nitrates depends strictly
on bacteria activity, and their capability to reduce them. Thanks to the biological experimental
analyses previously reported, it is sure enough that selected bacteria are atiat their own
metabolism reducing nitrates, but nothing is known yet under a quantitative point of view. Thus, to
guantify the efficiency of the biochemical denitrification process, a trial sample has been setup and

further analysed. In particular, chexal has been developed by the following composition:

1 Nitratebroth containing about 2000 p.p.m. of N@esulting of the 6% of KNOg);

f Bacteria concentration equal to*XDFU.

The compound has been gently mixed in a vial, appropriately sealed in order to ensure anaerobic
conditions. A first sample has been takemnediately to check the initiaNOs” concentration to be
equal to the desired one. Successively, the sample hagdefteiensuch anaerobic conditions for a
sufficient time to ensure the complete bacteria activity. Afterwards, a final sample has been collected,
in order to later assess the nitrate concentration in steady state. The knowledge of initial and final
concentation of NOs™ is fundamental to assess the environmental applicability of théPBio
technique. Thus, once samples have been collecte@gxmrange chromatography tests have been
performed. Actually, samples were prior diluted by 1:108ue to technidaissues related to the
measurement instrumentand successively analysed. Obviously, outputs will be related to the real
chemical conditions. Usuallyhe interpretation of ioexchange chromatography tests regslisade
by comparing the retention tinoé the sample peaks with the retention time of the reference solutions.
The concentration is determined by comparing the peak area with the calibration curve of the analyte

constructed using a series of reference solutions at different concentrations.

Figure 4-12 shows the results regarding the initial conditions of thech&mical solution. In
particular, the detected peak related toNli®™ concentration is underlined by the dashed red line.

Results show that thieOs” concentration of the diluted chemical is equal to 20.314 p.p.m., which



corresponds easily taNDs] =2031.4 p.p.m. of the original (undiluted) bibemical solution
accordingo the stoichiometric previsions related to the injeétsiDs.
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Afterward, the steady state has been analysed, to characterise the final metabolic activity of
bacteria. InFigure4-13 steady state results are repdrt& which the nitrates concentration has been
underlined as ifrigure4-12. The test has been performed aft@rdays of bacteria activity.
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As before, theNOs  concentration of the diluted chemical is equal to 0.031 p.p.m., which
corresponds toNOsz] =3.1 p.p.m. of the original biohemical solution. Thus, it is possible to
ascertain that bacteria metabolism is highly able to reduce nitrates with a very migificdgion

process efficiency, sinc&ls] has been reduced from 2031.4 p.p.m. to 3.1 p.p.m., as briefly reported
in Table4-4.



Table4-41 on exchange chromatography testsd resul
[NO3T7 initial [NO37] final ( BNOs])/[NOz7 initia
2031.4 p.p.m. 3.1 p.p.m. 99.84%

To sum up, the ion exchange chromatography tests assess the reliable abiéagtesfa
metabolism to reduce a very high amount of the initial nitrates. These have to be present in a sufficient
guantity to ensure the activation of bacteria metabolism but, at the same time, their final concentration
has to be sufficient lower, in ondéo be compatible with the limit value imposed by codes. For
example, Italian code(D.Lgs. 11/1999, n. 152; D.Lgs. 02/2001 n. 31; D.Lgs 02/2016dedares
t hat , rPeogigonshbn waterrésources t he upper | i mit50@pmnitr e
Thus, even if a very high concentration M®:" should be needed to induce the required partial
saturation, the steady state concentration of nitrates is compatible with the limiting values, thus

showingthe potential of the bidPS technique gsented in the current work.

Once the denitrification efficiency has been evaluated, a gas composition analysis is needed, in
order to ensure the formation of the desired gas, which iN;the widely discussed in the previous
sections. To this aim, a gabromatographic tests have been carried out. The performed tests are
reported inTable4-5, in which both initial bacteria and nitrates concentratemesshown.

Table4-5 Gas chromatograph tests

Test [NO37 initial Bacteria Concentration
GCT1 42000 p.p.m. 10* CFU
GCT2 42000 p.p.m. 2A0* CFU

In order to test the generated galsy means obacteria metabolism it has been necessary to
activate bacteria activity in a controlled equipment able to:

M Ensure the initial anaerobic conditions;

1 Minimize the possible pollutioduring the sampling due to the atmosphgases.

To this aim, a Falcd® tubehas been convenientiyodified (Figure4-14) in order to avoid the
issues discussed abowe particular, a drainage tube witman-return valve has been installatithe
top of the Falcon itse(tarefully sealeg@reviously, in orderto be further able to sample the generated
gas the more undisturbed as possible. In addition, once the chemical has been inserted and gently

mixed, the atmospheric gases present anyway in the upper part of the Falcon have been suctioned.



Thanks to this ppcedurepacteria activity has been activated in an anaerobic condiidnvith ne

initial gasesbecause of the imposed vacuum.

Figure 4-14 Modified Falcon® tube for the generated gas sampling

Finally, the generated gas has been sampled after sufficient time to ensereltbé bacteria

metabolism, to be further analysed. Results are reportédune4-15 andFigure4-16, respectively
for the GCT1 and GCT,2n which the detectel> gas is underlined by the red dashed lines.
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Figure4-16 GCT2Test results

In order to interpet data from the gas chromatography analyses, it is necessary to normalize the
detected percentages to the atmospheric ones. This is dueitapthesibility of sampling the gas
without altering even in a minimum part, its real composition. Indeed, during the extraction and
injection in the GC apparatuan amount of atmospheric gas will altee sampled gas anyway
althoughthe precautions adopted on the Fal@odevice Thus, by applying thebmve mentioned
normalization, it is possible to conclude that the two GC tests lead to the following percentdges of
andCQO gas Table4-6), consideing that noO. has been generated by bacteria metabolism (since

the anaerobic conditions have been ensured):

Table4-6 Gas chromatography tests results

Test N2 % CO2%
GCT1 98.19 1.81
GCT2 98.32 1.68

Tests resultshow that a very high percentage of nitrogen(§88% in both testsis generated,
with a very low amount ofO,. In addition, for the GCT2, aacid solution has been added to allow
the formation ofCO; gas, which was already present in the liquid phase. After the acidifictteon,
gas chromatography test has been repeatedytpdt results are showed kiigure4-17, in which
the CO, detected gas is underlined by the black dashed line.
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Figure 4-17 GCT2 Acidified solution to detect CGQ@as

As it can be seen, by acidifying the chemical, an amoufis detected, conversely for the
first two tests reported previously. This result confirms that, alth@@@his formed during the
bioprocess, it lies in the liquid phase and it is not present as Greenhouse Gas. In conclusion, gas
chromatography tests hagasured the nitrogen gas formation, in very high percentages. In addition,
no CO; in gas phase is generafiedt least not in notable amount. Thus, both nitrates and generated
gas tests certify the applicability of such a -b#& technique, being very e&fient and

environmentally compatible:

1 Selected bacteria are able to reduce even a very high initial concentration of ,nitrates
verifying that a very high efficienayf the denitrification process is carried out. In addition,
steady state N©concentratia arecompatible with the limiting code values;

1 Generted gas from respiratory denitrification is mainly formedNsygas, which is the

desired one because of its low solubility, chemically inertearvitonmentally compatible.

Finally, thanks to the biofpcal and chemicaknvironmental tests discussed above, the
applicability ofthe selected bacteria has been evaluated, aiming to induce the partial saturation as a
liquefaction mitigation technique. These results are fundamental for the development of the
technique, by means of desaturation tests on an initial fully saturated soiésarmdped, as it will
be widely reported in the followinchaptey several desaturation testms different condition§ have
been performed, in order to quantify the amount of produced gas and thus, as a consequence, to
evaluate and assess the degreesaifiration obtained at steady state conditions, after the bio

respiratory denitrification had been carried out.



5 CHAPTER 5

5.1GEOTECHNICAL TESTING

Once the applicability of the selected bacteria to carry on respiratory denitrification processes has
beenevaluated from a biochemical point of viewit has been necessary to develop a geotechnical
experimental setup, in orderverify and quantifythe Induced Partial Saturatiomithin the soil. The
aim of the geotechnic&stingis to evaluate the transieprocess carried out by bacteria activity and
to quantify the generated gas volume, in order to assess the degree of saturation at the end of the bio

chemical process.

In this section, desaturation tests will be reported. In particular, three diff@aratusshave
been usedas it will be show. In addition, several bichemical measurements have been carried out
during some of the tests, in order to better understand bacteria metabolism and its effects on the final
configuration of the threated soflhe tested soils are represented by three different type o sdind
liquefiable. Theirgrain sizedistributions are quite different and, most important, they show different
amount of natural organic mattéinus carbon sourcethat, as it will be unerlined in the follow, can
slightly affect the transit processFurthermore, optical analyses on bubble nucleation have been
performed, trying to investigate its dimension and stability. Tests have been carried out on the bio
chemical solution alonand in presence of soil to be treated. All these aspects will be detailed in the

next setions.

52 TESTED SOILS
As previouslymentioned three different soils have been tested. All of tHalhwell within the
liquefiable granulometric range defined by tlialiancodeNTC 2018. Thus, the tested soils will be

named as follow

1 PdCsilty sand a silty sand retrieved from Pieve di Cento site (Emilia Romagna, Italy), in
which severaliquefaction phenomeawere detected during the North Italian earthquake
of the 2012;
Quarto sandapoorly graded sand;

Quartz sandan artificial monogranulaguartzsand.

In Figure5-1 all the three granulometric curves ah®wnwhile, inTable5-1, the main parameter

arereported.
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Figure 5-1 Granulometric curves of tested soils
Table5-1 Tested soils intriris parameters
Soil Gs Emax €min Dso Uc FC
() () @) @) (mm) () (%)
PdC Silty Sand 2.685 0.884 0.442 0.200 20.00 18
Quarto Sand  2.710 0.728 0.368 0.680 5.44 0
Quartz Sand  2.640 0.769 0.512 0.215 1.45 0

Since the coefficient of uniformity, dJis quitedifferent for the three materiad subdivision of the
soils regarding the liquefiable ranges has been madethis aim with respect to the above
mentioned granulometric ranges adopted by the NTC Rali&n code soils are grouped iRigure

5-2 andFigure5-3, as a function of &J
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Figure 5-2 PdC silty sand and Quarto sand granulometric distributions fer3d.b
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Figure 5-3 Quartz sand for granulometric distributions foet3.5

It is easy to ascertain that all thested soils lie within the specific granulometric susceptible

ranges, resulting ia liquefiable granulometrizone.



53 DESATURATION TESTS

To the aim of quantifying thgenerated gas volume by means of nitrogen gas bubbles nucleation,
several desaturation tests have been perfaridedaturation testhave beerncarried out using
different apparates- aswill be shown in detail in the following in which thetested materials are
pluviated at the same void ratio and in fully saturatéithl conditiors. To ensure the initial fully
saturationa wet pluviatiorsample preparatiomethod has been adopted ushthe dry soil has been
carefully and gently pluviated, atcontrolled drop heighdirectly within the biechemical solution.
Thelatter wagreviously prepared by mixing the selected bacteria and the nitratetiwttprepared
at different concentteons- immediately before theoil pluviation.Samples preparation procedure
has been kept unchanged fali tess, regardlessof the apparatusused. Indeed, as previously
mentioned, desaturation tests have been carriednatree differentequipmens, which will be

named in the following as:

1 Permeameter®TP Tests)
91 Desaturationiestingcdl (DTC Test)
1 Resistivity Cell(DRC Tests)

These thre different equipmesthaveincreasing dimensi@{from the first to the third)in order
to investigate anpossiblechange in bacteria metabolisrbaused by the environmental dimensions
Their setting up as well as their characteristics will be explamelétail in therelative section of

interest.

However, for each test, the generated gas volume has been indirectly megsuessuring the
expelled pore fluidindeed, if the sample starts in fully saturated conditions, bacteria metabolism will
activate diltration process due to the nucleation of the bubbigs consequently generation of pore
pressuresThose pore pressure increments, at the surface getierated bubbles, determine a pore
pressure gradierhat will result inanexpulsion of the pore fluid. Thus, if the expelled pore fluid is
measured, the basic and fundamental assumption for the desaturation tests is that the volume of
generatd gas buble within the soil pores is equal to the volume of the expelled pore fluid itself.
Thanks to this, if any soil state parameter is known and controlled, it is possible te betess
transient and steady state conditioihe degree of saturation acheelwith the bieIPS technique.

In the following sections, desaturation tesied the relative equipment used as well as the soil
tested will be reported.Table5-2 shows briefly the type of test, the apparatus used and the tested

material.



Table5-2 Summary of desaturation tests

Test Equipment used Tested soil
DTP1 Permeameter PdC Silty Sand
DTP2 Permeameter PdC Silty Sand
DTP3 Permeameter PdC Silty Sand
DTP4 Permeameter PdC Silty Sand
DTP5 Permeameter PdC Silty Sand
DTP6 Permeameter PdCSilty Sand
DTP7 Permeameter PdC Silty Sand
DTC Desaturation testing cell PdC Silty Sand
DRC1 Resistivity Cell Quarto Sand
DRC2 Resistivity Cell Quartz Sand

53.1 PERMEAMETER TESTS

Permeameter desaturation testgenlaeen performed by testittye PdC silty san(Figure5-2). In
order to verify its susceptibility to liquefactipryclic triaxial tests have been cadiout on saturated
specimens, with an effective confining pressure of 50 kPa and an average relative density of 40%.

The obtained cyclic resistance curve is reportdeignire5-4 (Astuto et al. 2019)
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Figure 5-4 Cyclic resistance curve for PdC silty sanii@ =50 kPa; D,aw=40%) (Astuto et al2019)



Desaturation tests are carried out using classic permearfiet&@ mm, H=100 mm(Figure5-5)
in which the silty sand is pluviated at thearse void ratio and in a fully saturated condition. The wet
pluviation is made directly in the solution containing both bacteria and njtiatest has been
performed in order to obtain an average relative density of all the specimens e@4&%o
Permeameters are equipped with two porous metal ptatesat the top and one at the bottom. Prior
to pluviation, metal plates have been carefully satunatédthe biochemical solution, to ensure the
initial complete saturation and tminimize anyapprximation during the expelled pore fluid
measurements$n each test a different concentration of bacteria and nitrates is tested. Measurements
of the expelled pore fluid are made by an upper drainage of the permeameter connestitbelciooz
system(Figure5-6) while, obviously, the lower drainage is kept closed during the entirdnekttail,
the measurements of the expelled pore fluid have &&smssed by weight measurements of the entire
system connected to the permeameter it3elfthis aim, cablesre equippedvith an open/close
valve, able to isolate the entwellection sys¢m during each measurementofé¢he pel | ed por e
weight. Regarding the pore pressures applied to the satfmpliéquid phase is directly connected to
the atmosphere, resulting in a pressure of the pore fluid to be equal to the atmosphleratiditen,
during some of the tests, measuremenibli* concentration have beemarried outto verify the
biochemical paths discussedthe previous sectiorsuch results will be reported and discussed in
the §53.2.

Figure 5-5 Classic permeameteused for DTP tests

In Table5-3 a summary of the desaturation permeameter tests is reportetera®ned before

different initial concentrations of both bacteria &@s have been tested.

































































































































































































































